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Izvlecˇek
V tem delu sem izvedel meritve prepustnosti skozi vzorce MINERVE z metodo cˇasa preleta
nevtrona na napravi GELINA (EC-JRC Geel, Belgija). Takšne meritve so osnova za karak-
terizacijo sestave vzorev z nedestruktivno metodo NRTA. NRTA sem uporabil, da bi razložil
razlike med izracˇunanimi in izmerjenemi vrednostmi reaktivnosti za nuklide v vzorcih MIN-
ERVE, s katerimi so v preteklosti izvedli integralne meritve na reaktorju MINERVE (CEA
Cadarache, Francija). Ker vzorci MINERVE zaradi geometrije (valjasti vzorci) v osnovi
niso primerni za meritve prepustnosti na napravi GELINA, sem izvedel študijo izvedljivosti
meritev in analize rezultatov na primeru vzorcev MINERVE, ki so obogateni s srebrom.
Poleg tega sem izvedel meritve prepustnosti in pridelka za zajetje nevtronov z standardnimi
vzorci (diski) iz naravnega srebra, s pomocˇjo katerih sem izboljšal resonancˇne parametre
107Ag in 109Ag v energijskem obmocˇju pod 1 keV. Te parametre sem nato uporabil pri
preverjanju sestave vzorcev MINERVE. Za najpomembnejše nuklide v vzorcih (238U, 107Ag
in 109Ag) se rezultati NRTA dobro ujemajo z rezultati kemijske analize. S pomocˇjo NRTA
sem odkril tudi, da so vzorci onesnaženi z volframom. Izkaže se, da ima volfram velik vpliv
na integralne rezultate in ga je potrebno pri izracˇunih upoštevati. Glavni koraki v tem delu
obsegajo izvedbo samih meritev, analizo meritev ter resonancˇno analizo meritev s programom
REFIT. Za program REFIT sem razvil model za analizo valjastih vzorcev MINERVE ter ga
validiral z Monte-Carlo simulacijami.
Kljucˇne besede: reakcije z nevtroni, metoda cˇasa preleta, prepustnost, pridelek za za-
jetje nevtronov, analiza Reich-Moore, izotopi srebra




This work presents the feasibility study of transmission measurements with the MINERVE
samples at the time-of-flight facility GELINA (EC-JRC Geel, Belgium) for characterization
of samples with the Neutron Resonance Transmission Analysis (NRTA). This method was
used to explain the differences between calculated and experimental reactivity worth values
for several nuclides from the MINERVE experimental programs (MINERVE reactor, CEA
Cadarache, France). The main idea was to define procedures to analyze results of trans-
mission measurements using cylindrical samples which do not fulfil the ideal transmission
geometry. Capability of extracting reliable results was demonstrated on the example of
MINERVE samples enriched in silver. In addition, transmission and capture measurements
with standard discs of natural silver were performed to improve the resonance parameters for
107Ag and 109Ag below 1 keV. Improved silver parameters were then used for verification of
the MINERVE composition. A good agreement between NRTA results and sample composi-
tion given by chemical analysis was obtained for the major nuclides (238U, 107Ag and 109Ag).
In addition, contamination with tungsten, not reported before, was discovered. Presence of
tungsten highly contributes to integral calculations and has to be included in calculations.
The main steps in this work are performance of the experiments, the data reduction of
measured count rate spectra to produce final transmission and capture yield spectra and the
spectra analysis with the resonance shape analysis code REFIT. An analytical model, val-
idated with the Monte-Carlo simulations, was developed to account for MINERVE geometry.
Keywords: neutron induced reactions, time-of-flight, transmission, capture yield, Reich-
Moore analysis, silver isotopes
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Neutron induced reaction cross sections are essential data for a wide variety of nuclear
applications. Cross sections are used for neutron transport calculation in a nuclear system
using a deterministic method by solving the Boltzmann equation or stochastic methods by
Monte-Carlo simulations. Improving the knowledge of cross section data and reducing their
uncertainties can lead to significant improvement in the safety assessments and reliability
of reactors and in the predicted performance of new reactor concepts. Improved cross
section data can be obtained from high-energy resolution experiments using the time-of-flight
technique. Time-of-flight measurements can be carried out at experimental facilities such as
the GELINA facility in Belgium [1], the n_TOF facility at CERN [7] etc. For the evaluation
of experimental data in the resolved resonance region, computer codes such as REFIT [8],
SAMMY [9] or CONRAD [10] can be used to derive nuclear resonance parameters from a
fit to experimental data (e.g. transmission, capture yield, etc.). In the evaluation process it is
also important to include experimental uncertainties related to experimental conditions.
Cross section libraries used for neutron transport calculations are generated from the
evaluated neutron data libraries using different physical models depending on the energy
region [11]. The main evaluated neutron data libraries used nowadays are JEFF [12],
ENDF/B [13], and JENDL [14].
The Joint Evaluated Fission and Fusion (JEFF) project started in 1981 in order to create
a reference data base for fission reactor applications, including data for core and blanket
performance, shielding, fuel recycling and plan decommissioning.
Integral experiments were performed at the beginning of the nineties at the MINERVE
reactor [15] to validate neutron induced reaction cross sections reported in JEFF library. The
MINERVE facility is a zero power reactor located at the CEA, Cadarache (France). A wide
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number of iotopically enriched samples was measured with the oscillation technique in the
frame of 4 experimental programs :
• OSMOSE program [16]: 13 samples with actinides,
• MAESTRO program [17]: 48 samples with structural materials,
• OCEAN program [18] : 16 samples with absorbers,
• Burn-Up Credit (BUC) program [19]: 13 samples with fission products.
These integral experiments cover most of the nuclear data needs for reactor applications. A
fully validated calculation scheme was used to accurately reproduce the experimental data
and to avoid any bias that could be otherwise attributed to nuclear data. The interpretation
of the MINERVE experiments with the APOLLO2 [20] or TRIPOLI4 [21] codes provides
C/E results (i.e. ratio between calculated and experimental reactivity value) used in the
experiments interpretation.
In the present study, we have considered samples containing fission products, used during
the Burn-Up Credit program in 1993. The aim of this program was to qualify nuclear data of
the most important neutrons poisoning nuclides in pressurized water reactors (PWR) in order
to take into account the reactivity loss in spent fuel. The most stable and nonvolatile nuclides
responsible for more than 75 % of the fission product poisoning worth were chosen for the
experiment (i.e. Sm, Nd, Gd, Eu, Rh, Tc, Cs, Ag, Ru, Mo). Results from an analysis of
the MINERVE data using the deterministic code APOLLO2 combined with the JEFF-3.1.1
neutron data library are given in Table 1.1 [5].
For some of the nuclides, large discrepancies between the calculation and experiment
data was observed. Among the samples, that of 99Tc is particularly interesting. Due to
its high fission yield, long half-life and mobility in the environment it is one of the most
important fission product contributor to nuclear waste radioactivity in a tame scale 104 to 106
years after creation [22]. Comparison between calculation and experimental data shows that
the capture cross section of 99Tc in JEFF may be overestimated by about 9 %. MINERVE
experiment only provides a spectrum averaged quantity. Therefore, one can not provide any
information about the origin of the problem. Possible contributions to large C/E differences
could have their origin in neutronic calculations, capture cross section at thermal energy,
resonance integral or even poorly characterized composition of the samples.
Capabilities of the GELINA facility of the EC-JRC in Belgium offer the opportunity to
measure energy-dependent neutron cross sections by means of the time-of-flight technique.
Using the same samples in two facilities can provide complementary information. The
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Table 1.1 [C/E − 1] ratio (%) of reactivity values obtained in the framework of the BUC
program carried out in the MINERVE reactor at the CEA of Cadarache [5].
Sample PWR-UO2
149S m −0.5 (27)
147S m 27.9 (96)
152S m 2.8 (35)














present work aims to investigate alternative possibilities offered by the Neutron Resonance
Transmission Analysis (NRTA) for studying the composition of the MINERVE samples.
Large discrepancies between the calculation and experiment for most important fission
products could be then explained with the new time-of-flight transmission measurements
using the MINERVE samples that were already measured in the MINERVE reactor.
The difficulty of this experimental program is linked to characteristics of the MINERVE
samples. The MINERVE samples are not optimized for time-of-flight experiments. The
samples used for oscillation measurements in the MINERVE reactor are cylindrical samples
of 10 cm length and with a diameter of 1 cm. The nuclides of interests (actinides, fission
products, structural materials, absorbers) are mixed in UO2 or Al2O3 matrix. For time-of-
flight measurements at the GELINA facility, thin discs with diameters ranging from 2 cm
to 8 cm are used. These samples are optimized to perform transmission measurements in a
good transmission geometry. The geometrical characteristics of MINERVE samples were
not designed for such TOF transmission measurements.
The main idea of this work is to perform experimental feasibility study in order to investi-
gate the capabilities of extracting accurate results from the data obtained with MINERVE
type of samples. We develop methodology and define the procedures to analyze results of
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transmission measurements, which can be then routinely used for the analysis of all other
MINERVE samples.
Experimental program in this work is focused on the transmission measurements with
MINERVE samples enriched in natAg (composed of 107Ag (51.8 wt.%) and 109Ag (48.2 wt.%))
and 109Ag. Silver is selected for several reasons. First, MINERVE samples doped with silver
are available at the CEA of Cadarache and were already measured at the MINERVE facility.
Moreover, metallic discs of natAg, optimized for time-of-flight measurements, are easy to
produce. Combination of transmission and capture measurements with metallic discs of
natural silver below 1 keV can be used to verify the resonance parameters of 107Ag and 109Ag
reported in the JEFF-3.1.1 evaluated library. Improved resonance parameters of silver can be
then used in the resonance shape analysis of transmission measurements using cylindrical
MINERVE samples.
Improved resonance parameters of silver are also useful for the calculation of reactivity
worth of PWR control rods. Natural silver is often used in an alloy together with indium and
cadmium to produce control rods for PWR reactors. Control rods are an important safety
component allowing rapid shutdown of the reactor. A typical alloy at PWR reactor contains
80 wt. % 15 wt. % and 5 wt. % of silver, indium and cadmium, respectively. Such an alloy,
referred to as AIC, provides good mechanical properties and results in an approximately
uniform absorption spectrum. Therefore, the cross sections for neutron induced interactions
with natural silver are very important at correct interpretation of experiments in which silver
as an absorber. This study complements the evaluation of neutron resonance parameters
for the cadmium isotopes performed by Volev et al. [23] to improve the prediction of the
reactivity worth of AIC control rods. This evaluation, which was mainly based on results of
experiments performed at the GELINA facility, was included in the JEFF-3.2 neutron library.
The most recent experimental data for silver available in the experimental data base
EXFOR [24] are those reported by Kim et al. [25]. They cover the low energy region below
100 eV . An extensive measurement campaign covering the low energy resolved resonance
region was performed by Lowie et al. [26] in 1999. These experiments were carried out in
support to parity violation studies. Resolved resonance parameters for natural silver isotopes
reported in the main evaluated data files are primarily based on experimental data of Moxon
et al. [27], Garg et al. [28], Asghar et al. [29], Muradian et al. [30], de Barros et al. [31],
Pattenden et al. [32], Macklin et al. [33], Mizumoto et al. [34] and Lowie et al. [26].
The experimental part of this work is performed in two stages. In first phase, transmission
and capture measurements with natAg metallic discs of different thicknesses were performed
to extract the resonance parameters of 107Ag and 109Ag. In second part, transmission mea-
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surements with the MINERVE samples were performed to investigate the capability of
reproducing results obtained with the method of standard disc samples of natAg.
1.1 Structure of this work
In Chapter 2 we present the mechanism of neutron induced reactions and the theory behind
this work. Parametrisation of resonance structures, observed in the resolved resonance region
of the time-of-flight spectra, is described with R-Matrix formalism. Different approximations
of this formalism, i.e. Single-level Breit-Wigner, Multi-level Breit-Wigner and Reich-Moore
approximation, are presented. Doppler broadening of cross sections due to thermal motion
of the target in the sample material is introduced. At the end of this chapter, determination of
resonance parameters with the area and shape analysis method is described.
Chapter 3 focuses on the experimental techniques for the transmission and capture
measurements in the resolved resonance region. Experiments were performed at time-of-
flight facility GELINA, which provides a pulsed white neutron source using linear electron
acclerator. Details of the measurement facility, its resolution and measurement stations are
given. Resonance structures are revealed by applying the time-of-flight technique. Principles
of transmission and capture measurements together with the detection principles of detectors,
used to detect neutrons and γ-rays resulting from neutron induced reactions, are presented.
In Chapter 4, the experimental techniques defined in Chapter 3 are applied to the
experiments performed in this work. In first part, characteristics of standard disc samples
of natural silver and MINERVE samples are given. Data reduction steps (e.g. applying
dead-time, background, pulse-height-weighting, normalization etc.) of the transmission and
capture measurements with metallic discs of natAg result in transmission and capture yield
spectra that can be used for the resonance analysis. The main challange of this work is the
analysis of transmission measurements with the MINERVE samples. Data reduction was
adapted to account for the void fraction, resulting from the neutrons not interacting with the
sample.
In first part of Chapter 5 we analyze the transmission and capture data from the measure-
ments with natural silver discs. Improved resonance parameters (i.e. resonance energy E,
neutron width gΓn and radiation width Γγ) of 107Ag and 109Ag up to 1 keV were obtained by
fitting the theoretical curves to experimental data with the resonance shape analysis code
REFIT. In second part, we investigate the posibilities to extract resonance parameters from
the transmission spectra of MINERVE samples. A new analytical model for transmission is
implemented in the REFIT code to account for the cylindrical geometry of the MINERVE
samples. Presence of 238U resonances in the MINERVE samples made of UO2 matrix is
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important for the resonance analysis for several reasons, e.g. determination of flight path
length, parameters of analytical response function and model parameters of analytical func-
tion that takes into account the cylindrical geometry of the sample. Composition of the
MINERVE samples was verified with the neutron resonance transmission analysis technique,
from the transmission dips due to the presence of nuclides in the sample. Contamination
with tungsten was identified from the tungsten resonances in the transmission spectra of
MINERVE samples made of UO2 and Al2O3 matrix.
In Chapter 6 we calculate the capture resonance integral of 107Ag and 109Ag. The
resonance parameters of 107,109Ag obtained in this work are tested with two lead slowing-
down experiments (i.e. in the PERENE facility, LPSC Grenoble and at the LINAC facility,
RPI) and on the reactivity worth experiment carried out at in the MINERVE reactor. The
impact of tungsten on the results of reactivity worth measurements is also discussed.
Chapter 7 contains the conclusions on this work. The most important achievements of




Neutrons, due to electrical neutrality, have ability to penetrate through the electron cloud
in the atom and interact directly with the nucleus in many possible ways. The probabilities
of neutron interactions with the nucleus can be expressed in terms of cross-sections for a
given reaction in units of barn (1 b = 10−24 cm2). Classified in terms of the mechanism
that governs the process, we distinguish two groups of reactions: the compound nucleus
reactions and the direct reactions. The compound nucleus mechanism, first proposed by
Niels Bohr [35], is a two step reaction where the incident neutron interacts with the nucleus
and forms an unstable compound nucleus which can decay in number of ways; via elastic or
inelastic scattering of the neutron, a γ ray emission, fission in a heavy nuclei, emission of
more than one neutron or emission of charged particles. The direct reactions, on the other
hand, are described as a one-step transition from the initial state to the final state with only
one or a few nucleons taking part in the reaction, while the remaining nucleons of the target
stay undisturbed. The most important direct reaction in the neutron energy range considered
here is shape elastic scattering which is called potential scattering at low incident neutron
energies, i.e. deflection of the incident neutron by the nuclear potential. The difference
between two types of reactions is also in the time scale, which corresponds to the transient
time of the incident particle to cross the nucleus. Transient time in the direct reactions is in
the order of 10−22 s, while for the compound nucleus reactions this time is few orders of
magnitude longer (i.e. 10−18 s −10−16 s).
2.1 Compound nuclear reactions
Bohr’s compound nuclear reaction model is a statistical model. In this two-step process
the incident neutron interacts with the target nucleus and forms an excited state with A+1
nucleons - the so called compound nucleus. For the most probable situation, in which two
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final products are formed, the reaction mechanism of compound nucleus reaction can be
written as a two-step process:
n+AZ X −→ A+1Z X∗ −→ Y +b (2.1)
At this stage it is assumed that the initial neutron energy is distributed among all nucleons
by series of collisions, which lead to a thermal equilibrium inside the compound nucleus.
The excited state of compound nucleus with energy E∗ is a sum of the neutron kinetic energy
En in the center of mass system and the neutron separation energy S n:
E∗ = S n+En. (2.2)
The excited nucleus can live a relatively long time before de-excitation process. Large
number of collisions between nucleons results in loss of information on the entrance channel
of compound nucleus formation. As a consequence, the mode of decay and the decay
probability of the compound nucleus are assumed to be independent of the way it has been
formed. Decay possibilities only depend on the energy, angular momentum and the parity
of the quantum state of the compound nucleus. The compound nucleus can de-excite by
emission of gamma radiation, called radiative capture, or by emission of a neutron with
the same energy as the originally captured neutron, named elastic scattering. At higher
energies, threshold reactions, such as inelastic scattering can take place, which leaves the
target nucleus in an excited state. With the excitation energy higher than the fission threshold,
fission channel is energetically allowed. Schematic presentation of the compound nucleus
formation and decay is shown in Fig. 2.1. At low energy, neutron induced reactions could
strongly vary with the incident neutron energy. The resonance reactions appear when the
energy of the excited nucleus corresponds to the one of an excited state (Eλ). Although the
quantum states of the excited state have defined energies, energy of the incoming neutron
does not need to be exactly the eigenvalue of the quantum system; due to the time-energy
form of the Heisenberg principle of uncertainty
∆Eτ ≃ h¯ (2.3)
for the quasi-bound state with a finite life time τ, the uncertainty in energy is around h¯/τ.
The width of the resonance is:






















































Fig. 2.1 Schematic presentation of the formation of the compound nucleus and the decay
through γ-emission in the lower energy states. Lines under separation energy S n represent
the bound states while the ones above S n represent the unbound states ( resonance states).9
The total width of the resonance Γλ is a sum of all the partial widths, which correspond to
decay possibilities of the excited state:
Γλ = Γλγ+Γλn+Γλα+Γλ f ... (2.5)
Γλγ/Γλ is then the probability that the decay of the compound nucleus takes place through
emission of γ-ray, Γλn/Γλ the probability for the decay through re-emission of a neutron
etc. Γλγ and Γλn are called the radiation width and the neutron width, respectively. In a
resonance reaction a radiative capture and elastic scattering reactions are possible for all
neutron-nucleus compound reactions, while the others (e.g. (n, α) reaction) first occur above
particular threshold energy [36].
At relatively low energies the level density of the resonance structures is low and the
average distance between the resonances is large comparing to the total natural width of
the resonances. From the Fig. 2.2, showing the total cross sections of several isotopes with
different masses, we can observe that the level spacing decreases with the atomic mass. This
is a general trend observed in cross section data, except for nuclei with magic number of
proton or/and neutron (2, 8, 20, 28, 50, 82, 126), where the level spacing becomes much
larger (e.g. 208Pb). At certain energy the level distance becomes smaller than the total width
such that resonances disappear and they are observed as continuum.
2.2 Parametrization of resonance structured cross sections
At the excitation energies above neutron separation energies the nuclear system of the nuclei
is extremely complex. There is no nuclear model that could predict properties of the excited
states and cross sections can only be extracted from the measurements. In the resolved
resonance region (RRR), which also covers the thermal region, the reaction cross sections
can be expressed in terms of resonance parameters by means of the R-matrix formalism.
Each resonance is characterized by its resonance energy Eλ, two or more partial widths (e.g.
neutron width Γλn, radiation width Γλγ, fission width Γλ f , ...) and few quantum numbers,
which are: the total angular momentum J, the orbital angular momentum of the neutron-
nuclear system l and the channel spin s. Resonance parameters in this region are extracted
from the experimental data by adjusting the parameters to obtain the best fit of theoretical
calculation to results of the time-of-flight measurements using a resonance shape analysis
technique.
At intermediate energies the resonance structures are not fully resolved due to the







































Fig. 2.2 Comparison of total cross sections for neutron induced reactions in different isotopes.
Resonance structures and their level densities are specific for each nuclide.11
the unresolved resonance region (URR), permits one to observe only resonance-averaged,
seemingly smooth cross sections, although the resonances still exist. Average cross sections
can be parametrized by statistical models, such as Hauser-Feshbach formalism [37]. Some
of the average parameters (such as neutron strength functions) in this energy region can also
be obtained from optical model calculations [38], [39].
In this work we are focused on the resolved resonance region as described by the R-Matrix
formalism, which is outlined in more details in the following section.
2.2.1 The R-Matrix formalism
The resolved resonance region (RRR) is most conveniently described by the R-Matrix theory,
which is a mathematically rigorous phenomenological description of what is seen in the
experiment. It was first expounded by Wigner and Eisenbud in 1947 [40]. The most extensive
and detailed description was given by Lane and Thomas [41].
In general one could calculate the cross section of a two-body reaction from the nuclear
wave functions, obtained by solving the Schrödinger equation for the nuclear system of the
interacting particles. This requires the knowledge of the nuclear potential. For the compound
nucleus the nuclear potential is too complex and internal wave function is not known. The
idea behind the R-Matrix theory is to use the wave function of two particles when they are
so close together that they form the compound nucleus, and expand this function in terms
of eigenstates. The theory assumes the process as a binary reaction, with ingoing wave
functions describing two incident particles and an outgoing wave function describing two
emerging reaction products. Due to the short range of nuclear forces inside the compound
nucleus, we can split the reaction process into two geometrical regions, divided with an
invisible sphere with radius ac, called the channel radius. In the region outside the sphere
(r > ac) nuclear forces are negligible and the Schrödinger equation can be solved for free
or at most Coulomb interacting particles. In the internal region (r < ac) the nuclear forces
dominate. The eigenstate problem is solved by matching the derivatives of the wave functions
at the boundary between internal and external region (r = ac), demanding finite probabilities
everywhere. According to the Evaluated Neutron Data Evaluation (ENDF) convention [42],
the channel radius ac (in f m) is given as
ac = 0.123A1/3+0.08, (2.6)
where A is the number of nucleons in the target nucleus.
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The R-Matrix formalism expresses the reactions in terms of channels. An entrance
channel is designated by c = {α, l, s, J} (for the exit channel c′ = {α′, l′, s′, J′}), where the
following definitions apply:
• α contains the information of two particles forming the channel; it includes mass (m for the
mass of the neutron and M for the mass of the target particle), their corresponding charges (z
and Z), spins (i = 1/2 for neutrons and I for target particle) with associated parities and their
states of internal excitation.
• l is the orbital angular momentum.
• s represents the channel spin.
• J is the total angular momentum.
Total energy, total angular momentum and parity are conserved for any given interaction.
This conservation puts the restrictions on the entrance channels c that are open to form the
compound nucleus and the exit channels c
′
that are opened for the decay of the compound
nucleus. Other quantum numbers can differ from channel to channel until the angular
momenta satisfy the quantum-mechanical sum rules J⃗ = l⃗+ s⃗ and s⃗ = I⃗+ i⃗ , which give the
possible values of J and s, respectively:
|l− s| ≤ J ≤ l+ s, (2.7)
|I− i| ≤ s ≤ I+ i. (2.8)
Conservation of parity demands
(−1)lπα = πi = (−1)l′πα′ , (2.9)
where πα and πα′ are the eigenparities of the incoming and outgoing particles (positive for
neutrons), and πi is the parity of the compound nucleus with total angular momentum J.
Possible values are +1 for the positive parity and −1 for the negative parity of the resonance.
There are (2I+1)(2i+1)(2l+1) possible combinations to sum the spin and orbital momentum,
but only (2J+1) values contribute to J. For this reason, in the expression for cross section
(for given J and l) we take into account the spin statistical factor gJ , defined as the weight
for getting various possible total angular momenta from the intrinsic spins of the neutron (i)
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Table 2.1 Possible spin configurations for the neutron induced reactions in 109Ag (i = 1/2,
I = 1/2−).




0 0 0− 1/4 s
1 1− 3/4
1 0 1+ 3/4 p
1 0+, 1+, 2+ 1/4, 3/4, 5/4
2 0 2− 5/4 d
1 1−, 2−, 3− 3/4, 5/4, 7/4





An example of the possible spin configurations for the neutron induced reactions in 109Ag
for the s (l = 0), p (l = 1) and d (l = 2) waves is given in Table 2.1.
In general formulation it is very complicated to connect cross sections with the states
of the compound nucleus through algebraic relations. For this reason as a first step the
R-Matrix formalism introduces intermediate quantity, called the collision matrix U (often
called scattering matrix) [41]. The partial cross section σcc′(E) for the production of the pair
of nuclei of type c′ when the two particles interact through channel c at energy E can be
written as
σcc′(E) = πo2gc|δc,c′ −Ucc′ |2, (2.11)
where δc,c′ = δα,α′δl,l′δs,s′ and Ucc′ = U Jαls,α′l′s′ . The o is the neutron de Broglie wavelength
divided by 2π. The Kronecker symbol δc,c′ accounts for the case when the incoming and
outgoing particle can not be distinguished, this is for c = c′ reaction, called elastic scattering.
For c , c′, Eq. (2.11) is proportional to the probability |Uc′c|2 of a transition from channel
c to channel c′. First important property of the collision matrix U is its unitarity due to the
conservation of probability flux (sum of all the probabilities for transitions into all possible
channels equals to unity). This means that U∗ = U−1 or∑
c
U∗cc′Ucc′′ = δc′c′′ . (2.12)
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σcc′ = 2πo2gc(1−ReUcc). (2.13)
The second property is the time-reversibility (nuclear reactions are considered invariant under
time reversal), which implies a symmetric U, i.e. Ucc′ = Uc′c. The special features of the
R-Matrix theory lie in expressing U in terms of matrices R and Lo, in order to introduce
resonances in terms of the properties of the eigenstates. The collision matrix Ucc′ in the
channel matrix R notation can be given as:

















L0cc′ ≡ Lcc′ −Bcc′ = (Lc−Bc)δcc′ ≡ (S c+ iPc−Bc)δcc′ . (2.16)
In expressions above, the real matrices S c (S c ≡ ReLc) are called shift factors and Pc is the
centrifugal-barrier penetrability factor (Pc ≡ ImLc). Hard-sphere phases ϕc and logarithmic
derivatives Lc, given by

















depend only on the known incoming and unknown outgoing radial wave functions Ic and Oc,
and channel radius ac. Parameter Bc is the boundary condition at the boundary between the
internal and external region, written as the logarithmic derivatives of the radial eigenfunctions
at the channel radii ac. They define the eigenvalue problem with eigenvalues Eλ and can be
chosen freely.
The hard-sphere phase ϕc, the shift factor S c and the penetrability factor Pc are directly
related to the solution of the Schrödinger equation for the neutral particles in the external
region (no Coulomb forces), which can be expressed as linear combination of spherical
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Table 2.2 The hard-sphere phase ϕl, the shift factor S l and the penetrability factor Pl for the
orbital momentum l as a function of ρ = kcac.
l ϕl S l Pl
0 ρ 0 ρ
















Bessel and Neumann functions in terms of the dimensionless parameter ρ = kcac. The wave









Appropriate formula for ϕ, S and P as function of ρ for the first three orbital momentum l
values are displayed in Table 2.2 and graphically presented in Fig. 2.3 for the nucleus with
mass number A=109. From the penetrability function we can see the dominance of s-waves
at lower energies, while p-waves appear at higher energies, d-waves at higher, etc.
A common choice for the boundary conditions for neutron induced reactions in the
resolved resonance region is Bc = S c, This way we simplify the R-Matrix expressions and
eliminate the shift factors for the s-waves. This results in the cross section peaks positioned
at the resonance energies Eλ instead of being shifted, but also introduces energy dependence.
Also boundary condition Bc = −l has been proposed by Fröhner [43]. At lower energies this
is equivalent, as we can see from the S l function in Fig. 2.3.
The R-Matrix elements (Eq. 2.15) take into account the interactions inside nuclei, i.e.
inside the compound nucleus and inside the separated nuclei. The Rcc′ elements contain the
properties of resonances, i.e. the level energies of the compound states Eλ, the probability
amplitudes γλc for the formation of compound nucleus through channel c and γλc′ for the
decay through the channel c′. Probability amplitudes have random signs (positive or negative).
For calculation of the cross section, γλc are usually written in terms of the partial widths Γλc,
in expression given by:
Γ2λc = 2γλcPc. (2.20)
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Fig. 2.3 ϕl(ρ), S l(ρ) and Pl(ρ) as a function of neutron energy for neutron induced reactions
in 109Ag, calculated for different angular momentum (l = 0,1,2).
The resonance parameters Eλ and Γλc are the unknowns of the R-Matrix theory as they
depend on the unknown nuclear reaction. In order to know the U matrix and the cross section,
they need to be determined experimentally, from the fit to experimental data. One of the
main difficulties in the R-Matrix theory is related to inversion of the matrix (1−RLo)−1 in
calculation of Ucc′ (Eq. 2.14). Several approximations have been introduced to simplify the
expression, such as the Single-level Breit-Wigner approximation (SLBW) [44], Multi-level
Breit-Wigner approximation (MLBW) and the Reich-Moore approximation [45]. These three
formalisms will be presented in the following subsections.
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2.2.2 The Single-level Breit-Wigner approximation (SLBW)
The Single-level Breigt-Wigner approach was used before the R-Matrix formalism for the
analysis of resonance structures in the resolved resonance region. This approximation is
suitable for the description of well isolated single resonances with only one level. In terms of
the R-Matrix formalism, the collision matrix for a single level containing only one element is
defined as [43]











cΓλc is the total width. ∆λ = −∑c(S c − Bc)γ2λc results from the boundary











Expression above is a sum of three terms. First term is the potential scattering cross section
σp = 4πo2cgcsin
2ϕc coming from the elastic scattering of the incident neutron on the nucleus
potential, without forming a compound nucleus. The second term with cos(2ϕc) is the
symmetric resonance term describing the resonances. The third term with sin(2ϕc) is an
asymmetric term arising from the interference between the potential and resonance scattering,










In a practical example, where the exit channels of a neutron induced reaction (i.e. c = n) in
the nucleus are only scattering and capture, the total width can be written as Γλ = Γn+Γγ. At
low energies, where the s-wave resonances dominate and the resonances are well separated,
the expended trigonometric functions can be approximated with the sin(ϕc) = ρ = kcac for
l= 0 and with sin(ϕc)= 0 for l> 0. The cosine function can be approximated with cos(ϕc)= 1
for all l. Under these assumptions and from the Eq. (2.22) and (2.23) it follows that for the
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Parameter R′ is called the effective potential scattering radius and has a possible energy
dependence. In this work, R′ = ac.
The neutron width varies from resonance to resonance due to centrifugal-barrier penetra-
bility factor and on average it shows an increase with the energy. Energy dependence of Γλn








where Er is the arbitrary reference energy, usually set to Er = 1eV , and Γlλn is the reduced
neutron width for the resonances with total orbital momentum l. In the low energy region







Eq. (2.28) and Eq. (2.26) can be used to explain the 1/
√
E dependence of the capture cross
section in the low energy side of s-wave resonances. In the limit of thermal neutron energy














E part of the capture cross section can be calculated from the resonance parameters
of the observed resonances, but usually also the external levels, so called negative resonances,
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need to be taken into account. As we will see in section External levels, the negative
resonances come from the excited states of the compound nucleus with energies below the
separation energy (bound states).
2.2.3 The Multi-level Breit-Wigner approximation (MLBW)
In practice, several resonances need to be taken into account to describe the cross sections.
One can calculate a cross section simply by summing the SLBW resonance terms. This
approach neglects all the interference between different channels and levels, which can result
in the occurrence of nonphysical negative total or scattering cross sections. The MLBW
approximation sums over the levels in the collision matrix. In MLBW approximation, the
collision matrix can be then written as











2.2.4 The Reich-Moore approximation
Medium and heavy compound nuclei have tendency to decay through a very large number of
photon channels. In the Reich-Moore approximation it is assumed that there are many photon
channels with the decay amplitudes γλc which have random signs and comparable amplitudes,
with a Gaussian distribution around mean value at zero. Therefore, the contribution of these
channels tend to cancel in the off-diagonal channels of the R-matrix. It follows that the sum
over the photon channels for λ , µ is then∑
c∈γ
γλcγµc ≃ 0. (2.32)
As a result of this approximation, the R-matrix (Eq. (2.15)) can be replaced with a reduced
R-matrix in a sense that the photon channels are eliminated and the eigenvalues Eλ are






′ < γ). (2.33)
The only traces of the eliminated photon channels remain in the total radiation width Γλγ.
Excluding the photon channels can greatly simplify the inversion of the matrix 1−RLo and
thus calculation of the reduced collision matrix and the cross section.
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For a non-fissile nucleus only the elastic scattering (c = n) and neutron capture (c = γ)






′ < γ). (2.34)
By setting the boundary condition to Bn = S n, the collision function becomes
Unn  e−2iϕn
1+ iPnRnn
1− iPnRnn . (2.35)
Although the reduced collision matrix in the Reich-Moore approximation is not unitary
due to eliminated transitions into the photon channels, the overall collision matrix can be still
unitary due to the conservation of the probability flux. Therefore, the capture cross section
can be alternatively calculated from the difference between the total cross section and other
contributions. In case of elastic scattering and radiative capture as the only processes, this
difference is
σnγ(E) = σtot(E)−σnn(E). (2.36)
Experience has shown that with the Reich-Moore approximation all the resonance cross
section data can be described in detail [43] and it is the most accurate one of the general
R-Matrix formalism.
2.2.5 External levels
The R-matrix theory shows that the cross sections in the limited energy range depend not
only on the resonances in that region (internal levels), but also on the levels (i.e. external
levels) below and above that region [43]. Below the region of interest contribution of the
external levels are unknown as they belong to unobservable bound states. In the region
above the resonances become less and less resolved with the increasing energy due to the
instrumental resolution. Contribution of the external levels may arise the problems in the
resonance analysis as one can not fit the experimental data satisfactory without including
them. The external levels are usually present close to the edges of the RRR region. In the R-
matrix theory they are included statistically by splitting the R-matrix from the Reich-Moore
approximation (Eq. (2.35)) for a given level sequence (Jπ) into a sum over the known internal
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levels (denoted with int) and the unknown external levels (denoted with ext):








Eµ−E− iΓµγ/2 . (2.37)
In Eq. (2.38), R∞n is distant-level parameter. In practice, the effective potential scattering






The radius R′ is related to the potential scattering cross section. At low energies and in the
absence of resonances, the scattering cross section is reduced to the potential scattering cross
section:
σp = 4πR′2. (2.39)
The external levels can be approximated by adding fictitious upper-bound levels (i.e.
negative resonances) [43]. The parameters of these resonances are the ones which correctly
reproduce the 1/
√
E part of the capture cross section and the capture cross section at thermal
energy, which is known very well for many isotopes. There are no negative resonances
included in the evaluations of 109Ag. For the 107Ag, one negative resonance is included to
account for the external levels. Contribution of the external levels to 107Ag capture cross
section is shown in Fig. 2.4.
2.2.6 Doppler broadening
In practice the resonance structures in the cross section spectra are broadened due to the
thermal motion of the target nuclei in the sample material. Thermal motion is a statistical
process with energy distribution, which broadens the resonance profiles. This effect is known
as Doppler broadening effect and needs to be taken into account in the resonance analysis.
By introducing the energy transfer function S (E,E′) that accounts for the thermal movement
of target nucleus, we can calculate a Doppler-broadened cross section σ as a convolution of




In the free gas approximation we assume that the target nucleus has the same energy distri-
bution as the atoms of the ideal gas, i.e. the Maxwell-Boltzmann distribution. Within this
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Fig. 2.4 Capture cross section of 107Ag (i.e. σnγ), together with contributions of external and
internal levels. Thermal cross section of 107Ag at 25.3 meV is also indicated.
model, for energies much larger than the Doppler width (E ≫ ∆D), the Doppler broadened
cross section can be obtained from the Gaussian broadening of the reaction rate on the energy















where ∆D is the Doppler width related to to the full width half maximum (FWHM) of the
Gaussian distribution by FWHM = 2
√
ln2∆D. Boltzmann constant is denoted with kB and
M and mn are the masses of target nucleus and neutron, respectively.
In 1938, Lamb [47] has shown that the transfer function S (E,E′) used for the free gas
model can be also used for the Debye crystal, by replacing the sample temperature Tsam with







Using a simple Einstein model the Te f f can be calculated from the sample temperature Tsam
and the Debye temperature θD, which is a measure of the binding force holding the atoms at
their positions in the lattice, as [46]:








More sophisticated models are needed to account for lattice effects [47–51].
2.3 Determination of resonance parameters
As discussed in Sections 1.1 and 1.2, the cross sections are determined from the experimental
data, via evaluation of the resonance parameters. In the resonance region these parameters
are used to calculate the cross sections by using the R-matrix formalism. Usually, the
observables in the experiment do not yield the cross sections themselves but are functions of
the cross sections. In the resolved resonance region of a non-fissile nucleus one can extract
the resonance parameters (the potential scattering radius, the resonance energy, the neutron
and radiation width, the spin and parity) from different types of experiments: transmission,
capture and elastic scattering measurements. Quite generally one needs the total cross section
data for the good analysis of the partial cross sections [43]. For this reason, a combination of
complementary measurements is usually needed to extract the resonance parameters. In the
following section, two methods of extracting the resonance parameters from the dips and the
peaks observed in the experimental data will be presented: the area analysis and the shape
analysis method.
2.3.1 Area analysis method vs. Shape analysis method
For well isolated resonances in the low energy resonance region the simplest method to
obtain the resonance parameters is from the area of the resonance observed in the experiment.








In the reaction experiment the area function is obtained from the peak in the spectra due to










In the expressions above σtot is the total cross section, σr = σγ and σr = σn are the capture
and the elastic scattering cross section, respectively, and n is the sample thickness expressed
as the number of atoms per unit area (in units at/b).
In the SLBW approximation of a non-fissile nucleus (with only Γλγ and Γλn) we can
express the total and reaction cross section by Eq.( 2.22) and Eq. (2.23), respectively. In the
limiting cases of very thick (nσ0 ≫ 1) and thin (nσ0 ≪ 1) samples, neglecting the Doppler
broadening and the potential term in the total cross sections, areas given by Eq. (2.44) and






















From the expressions above it follows that from the area analysis it is not possible to
obtain a complete set of resonance parameters (i.e. g, Γλ, Γλn and Γλγ) only from a single
measurement. Additional measurements with thick samples or capture measurements are
needed to achieve the solution. In case of natural silver isotopes 107Ag and 109Ag, the total
natural width (Γλ) of the resonance is governed by the radiation width (Γλγ), i.e. Γλγ ≫ Γλn.
Under this condition, a combination of transmission measurements with thick and thin
sample or combination of transmission and capture measurements with thick and thin sample,
respectively, will give gΓλn and Γλγ (Table 2.3).
If the resonances are overlapping and if the experimental resolution is well known the
shape analysis method is superior to the area method. This is also true when many levels
need to be analyzed. The shape analysis accounts for effect of the resonance Doppler
broadening and in general utilizes all the information in the data. On contrary to the area
method one can also extract the nuclear scattering radius. In ideal case, with very well
known resolution, the shape analysis method can be used to extract the resonance parameters
from one set of experimental data, e.g. from transmission spectra. Knowing the spin of
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Table 2.3 The asymptotic forms of area functions for very thin and thick samples, for different
type of experiments, in the limits of the radiation width (Γλγ) and the neutron width (Γλn)
governing the total natural width (Γλ) of the resonance.




Transmission Aλ(thin) ∝ ngΓλn ∝ ngΓλn
Capture Aλγ(thin) ∝ ngΓλn ∝ ngΓλγ
the resonance, transmission measurements in ideal case yield total natural width Γλ and the
peak cross section σ0. Using Eq. (2.49), one can then obtain the neutron width. From the
natural total and neutron scattering width, the radiation width can be obtained. However, in
most cases additional broadening effects in the experimental data do not allow an accurate
determination of the total width. A complete set of resonance parameters then needs to
be extracted from additional measurements, following the principles of area analysis. In
the resonance shape analysis of natural silver isotopes 107Ag and 109Ag performed in this
work, the resonance parameters (i.e. gΓλn and Γλγ) up to 100 eV were obtained from the
experimental transmission and capture yield data. In the energy range of 100 eV-1000 eV
only capture data from the measurements with thin samples of silver was used. Therefore,
only Γλn-s were extracted in this energy range.
Nowadays, the shape analysis computer codes are used in such a way that can simul-
taneously analyze several experimental data in a single run and extract all the resonance
parameters in a given energy range by the least-square adjustment of the resonance parame-
ters to the experimental observables. Programs like REFIT, SAMMY and CONRAD, based
on the Reich-Moore approximation of the R-Matrix, are the most widely used. Apart from the
Doppler broadening and experimental resolution they also account for the multiple-scattering
and self-shielding contributions etc. In this work REFIT program has been used for the
resonance analysis. All its features important for the analysis of the present experimental
data will be discussed in Chapter 5.
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Chapter 3
Experimental techniques for the
transmission and capture measurements
in the resolved resonance range
Studies of the resonance structures appearing in the neutron induced reactions on the material
of interest require a precise knowledge of the neutron induced cross sections, which can be
accessed with the high-energy resolution experiments using a time-of-flight (TOF) technique.
Depending on the energy region of interest, measurements can be performed at continuous
source using a chopper [53] or at an accelerator driven system operating in a pulse mode [54]
and producing a source with white neutron spectra. Measurements with a chopper source,
mostly performed at research reactors, are limited to the low neutron energy region (studies
of the thermal region). To achieve high energy resolution in a broad energy range, suitable
for studies of wide range of elements, TOF measurements at a pulsed white neutron source
are preferred. In a TOF facility, the neutron bursts can be produced by the impact of a short
pulse of high-energy electrons on a neutron-producing target via Bremsstrahlung radiation
and consecutive photo-nuclear reactions in a high-mass target. The Geel Electron LINear
Accelerator Facility (GELINA) at the EC-JRC-Geel provides a pulsed-neutron source. Other
important electron based accelerators around the world are e.g. ORELA [55], POHANG [56],
RPI [57], n_ELBE [58] and KURRI [59]. On the other hand proton-based accelerators
produce neutrons via the spallation reaction on a target of high mass number (e.g. n_TOF
facility at CERN, MLF-ANNRI at J-PARC [60], MLNSC and WNR at LANSCE [61]).
Transmission and capture experiments presented in this work were performed at the electron-
based GELINA facility.
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3.1 The Time-of-flight facility GELINA
The TOF facility GELINA is a multi-user facility, providing a pulsed white neutron source in
the energy range between 10 meV and 20 MeV . There are four main units contributing to the
final high-energy resolution of the facility: a linear electron accelerator providing short bursts
of electrons, a post-accelerations compression magnet, a rotary mercury-cooled uranium
target and 12 different flight paths (ranging between 10 m - 400 m) leading to experimental
areas [1].
• Linear electron accelerator (linac)
A special injector with a triode gun is used to produce electron pulses with a duration of
10 ns and the peak current of 12 A. Acceleration of the electrons is performed in three
S-band acceleration sections. Each of them consist of a pulsed high-power klystron (i.e.
25 MW peak power) that produces bunches of accelerating electromagnetic waves up to
repetition rate of 800 Hz. The longitudinal electric field of the wave train accelerates the
highly-charged electron pulses along the axes. The energy of the electrons in a pulse at the
end of the last accelerating section linearly decreases from 140 MeV at the beginning of the
pulse to 70 MeV at the end of the pulse due to discharging of klystron’s electromagnetic
power in each section. This means that first electrons of the pulse “feel” the full acceleration
field at maximum power while the following electrons receive less electromagnetic field and
therefore less energy [1].
• Compression magnet
After the electron acceleration, the electrons are lead to a post-acceleration 360◦ compression
magnet of a 3 m diameter. Electrons, being charged particles, follow the trajectory in the
magnetic field, with the radius proportional to the electron energy. Therefore the electrons
with higher energy follow the trajectory with larger diameter than the less energetic ones
which results in the delayed arrival of the first electrons at the exit of magnet. The compression
magnet is designed in a way that the 10 ns electron bunches are compressed into the pulses
of 1 ns with a peak current of 120 A when they leave the magnet. The principle of electron
pulse compression is schematically shown in Fig. 3.1.
• Neutron producing target
High-energetic electrons exiting the compression magnet system are then stopped in the
mercury cooled U − Mo target (with 10 wt% of Mo) and generate the Bremsstrahlung
radiation. Subsequently neutrons in the MeV energy region are produced via (γ,n) reaction
and to a much lesser extend via (γ, f ) process. Uranium is chosen over other high-Z number
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Fig. 3.1 Schematic presentation of post-acceleration compression of the electron pulse.
target materials due to its high total neutron yield (a factor ∼ 2 compared with tantalum).
Target is cooled with mercury (to avoid neutron moderation) and enclosed in stainless steel.
Target is rotating in the beam due to high electron beam deposition in the target, with the
power density up to 10 kW/cm3 [1]. The total neutron intensity provided by the target
is around 3.4× 1013 1/s. Resulting neutron distribution with the peak at around 2 MeV
is extended to lower energies by placing two water-filled beryllium containers of 4 cm
thickness below and above the target to act as neutron moderators. Water is a good choice for
moderator as the hydrogen is a very light element with large neutron scattering cross section.
Target-moderator assembly is shown in Fig. 3.2.
There are two neutron fluence rate conditions available at the GELINA facility: one
optimized for energies below 100 keV and the other one for fast neutrons. Based on the
required neutron energy range the shadow bars of Cu and Pb are placed in the target room
between the neutron source and the flight path to shield the neutrons coming either directly
from the uranium target (moderated neutron spectrum) or from the moderators (fast neutron
spectrum).
The energy distribution of moderated neutron spectra covers the energy range between
10 meV and MeV region. In thermal region the neutron spectrum can be approximated by
Maxwellian distribution with a maximum around 40 meV , plus the approximate 1/E energy
dependence in the epi-thermal region above 1 eV [62]. The neutron fluence rate ϕ(E) for the
neutron energies above 1 eV can be described with the expression [63]
ϕ(E) = KEα(E), (3.1)
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Fig. 3.2 Neutron producing uranium target with two water-filled beryllium containers below
and above the target, taken from [1].
where K is a constant that depends on the distance L from the neutron-production target, the




and depends on the materials and dimensions of the moderator. For GELINA facility α ∼ 0.85
and the neutron fluence rate (expressed in 1 s−1 cm−2 eV−1) for the accelerator frequency 800





An example of the absolute neutron fluence rate of the moderated neutron spectra between
25 meV and 200 keV , measured at 60 m from the target, at the frequency of 100 Hz, is given
in Fig. 3.3. Measurement of the absolute neutron fluence rate was compared with results of
the MCNP4C3 Monte Carlo simulation performed by Flaska et al. [2], with an agreement
within 20 %. Production of neutrons is constantly monitored by BF3 proportional counters,
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placed at different locations in the target hall, as well for normalization of the measured
spectra to the same neutron intensity.
Fig. 3.3 Measured and calculated (MCNP4C3 simulation) absolute neutron fluence rate per
unit lethargy at 60 m from the neutron-producing target, taken from [2].
• Flight paths with measurement stations
Neutrons produced in the target-moderator assembly are emitted in all directions (4π). To
apply the time-of-flight-technique 12 flight path areas of different lengths (10 m - 400 m)
are installed around the target room (Fig. 3.4). Neutrons are traveling through evacuated
aluminum pipes (diameter of 50 cm). The neutron beam is shaped to desired diameter with
annular collimators. Along the flight paths several measurement stations, equipped with the
experimental setups, are placed for the reaction cross-section measurements. In this work
capture station at flight path FP5 and transmission station at flight path FP13 with distances
of around 12 m and 10 m, respectively, were used for measurements with a moderated
neutron fluence rate. Flight paths FP5 and FP13 form an angle 72◦ in left and right direction,
respectively, with respect to the electron beam direction. In the REFIT analysis, the angle of
the flight path is defined with respect to direction normal to the exit face of the moderator.
Angles of FP5 and FP13 are then 18◦ and −18◦, respectively.
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Fig. 3.4 Target hall of the GELINA facility. Electron beam line, compression magnet,




The TOF technique is used to derive the energy of the neutron from time it needs to travel the
given distance. In the experiment, the time-of-flight t is derived from the difference between
the start signal T0 and the stop signal Ts [3]. The start signal is produced when the electron
burst passes through a coil just before entering the uranium target. The stop signal in a
transmission experiment is given by the neutron detector and in the capture experiment the
signal is produced when the γ-rays, emitted from the neutron induced reaction in the sample,
are detected. This difference needs to be corrected for the time-offset t0, which is partly due
to a difference in cable lengths. This offset can be determined from a measurement of the
gamma-flash position, which is generated by the Bremsstrahlung radiation in the uranium
target. The observed TOF is then
t = (Ts−T0)+ t0. (3.4)
This time-of-flight can be related to the velocity of the neutron at the moment neutron leaves
the target and enters the detector or the sample [3]:
v =
L
t− (tt + td) , (3.5)
where L is the distance between the exit face of the target-moderator assembly and the front
face of the detector or sample, tt is the time difference between the time the neutron leaves
the target and the time of neutron creation inside the target, and td is the time difference
between the time of detection and the time the neutron enters the sample. The kinetic energy
of the neutron is related to the neutron velocity through relativistic expression:
E = mnc2(γ−1), (3.6)





the relativistic Lorentz factor with c being the speed of light.
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3.1.2 Resolution of the facility
Relation between the TOF and the energy of the neutron should be in principle one to one
relation. In practice, neutrons with the same final energy, produced from a single electron
pulse, arrive at the detector with the distribution in time called the resolution function. The
probability that the neutron with energy E is detected at time t is given by the response
function of a TOF-spectrometer R(t,E), which defines the final energy resolution of the TOF
facility. Distribution in time together with the Doppler effect broadens the natural width (Γλ)
and attenuates the amplitude of the resonances seen in the measured time -of-flight neutron
spectra. Response function is a convolution of several time-independent contributions: finite
electron pulse width (T0), the component related to transport of the neutrons in the neutron-
producing target (tt), time resolution of the detector setup and electonics (Ts), and transport
of the neutrons in the detector or the sample (td) [3]. Contribution T0 mainly depends on the
characteristics of the accelerator. At GELINA it can be approximated with a neutron energy
independent normal or trapezoidal distribution. Component Ts is also independent of the
neutron energy and is usually represented by a normal distribution. At GELINA the FWHM
of Ts is around 1 ns. Finite time bins of the time-of-flight histogram spectra are presented
with a rectangular distribution.
For the moderated neutron beam the major contribution to experimental resolution of the
TOF facility is the component due to the transport of the neutrons in the neutron-producing
target denoted by tt. Distributions of tt depend on the materials, geometry of the target
assembly and the angle between the flight path and the exit face of the moderator, and show a
strong dependence on the neutron energy. One can introduce the equivalent distance, defined
as Lt = vtt, with v being the velocity of the neutron at the exit of the moderator. It has been
shown that this transformation reduces the energy dependence of the response function, as
seen in Fig. 3.5 [3], [64].
The description of the response function can be formulated with analytical expressions
based on theoretical descriptions of the neutron transport in the target-moderator assembly.
There were several different analytical functions that can be found in resonance shape analysis
programs (i.e. REFIT, SAMMY, CONRAD). Parameters of this function can be accessed
from the experimental data by fitting its parameters to the shape of the resonances observed
in transmission and capture spectra. Experimental conditions for these kind of measurements
need to be chosen carefully. One has to perform measurements with a thin sample to reduce
the multiple-scattering corrections, choose an energy region with an isolated resonance
with natural width and Doppler width much smaller than the width of the response of the
spectrometer, etc. Distribution can be also obtained from the Monte-Carlo particle transport
calculation in which we simulate the process of neutron creation, following its interactions in
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Fig. 3.5 Probability distribution of the tt (left) and of equivalent distance Lt (right) due
to the transport of neutrons in the target-moderator assembly of GELINA, taken from [3].
Distributions are given for four energy ranges of the neutron leaving the moderator.
the materials until its emission in a specific direction in a given energy interval. For a good
description of probability distribution a detailed description of the target-moderator assembly
and the surrounding area together with the good knowledge of the cross-sections, and a
good statistics are crucial. Monte-Carlo simulations for GELINA facility were performed by
Coceva et al. [65] and more recently by Flaska et al. [2]. Monte-Carlo simulations performed
by Coceva were validated by comparison to experimental data. A capture measurement on
Fe was carried out at distance 60 m from the target [2]. Two well separated resonances of
56Fe, namely at 22.7 keV and 46 eV , with the resonance shape governed by the experimental
resolution, were considered. Good quality of response function calculated by Coceva is
demonstrated in Fig. 3.6, where the experimental capture yield (EXP) of 56Fe at 46 eV is
compared with the calculated yield (FIT). Calculations were performed with the resonance
shape analysis code REFIT, taking into account Coceva’s response function. This response
function (RF) is shown in figure as given by REFIT.
Time broadening of the resonances td due to transport of neutrons in the sample or
detector is an important component in the transmission experiment due to the finite size of the
neutron detector. Contribution due to the sample can be neglected as usually thin samples are
used. This component can be also expressed with the equivalent distance Ld = vtd and can be
estimated either with the analytical function or obtained from the Monte-Carlo calculation.








Fig. 3.6 The experimental yield (EXP) of 56Fe at 46 eV , obtained from a capture measurement
at a 60 m station of GELINA, is compared with the result of a resonance shape analysis (FIT)
with REFIT. The response function (RF) of GELINA facility is also shown. The figure is
reconstructed after [2].
At low velocities of the neutrons (γ ≈ 1) and by expressing the velocity resolution ∆v with

























Neglecting the energy dependence of uncertainties on equivalent distances ∆Lt and ∆Ld,
and time distributions ∆Ts and ∆T0, if follows from Eq. 3.10 that at constant velocity or
energy the energy resolution improves as the flight path length L increases. It follows that
36
high-resolution measurements at higher energies require longer flight paths. On the other
hand, the neutron fluence rate is proportional to L−2 (Eq. (3.3)) so at the end compromise has
to be made between the resolution and intensity, depending on the experiment requirements.
In our work the region of interest was the low energy region (below 1 keV). In order to obtain
good statistics, specially in the resonance dips and peaks in transmission and capture yield
spectra, respectively, experiments were performed at short flight paths, approximately 12.9
m (FP5) and 10.9 m (FP13) from the neutron-producing target. Resolution there was good
enough to resolve well the resonances of natural silver in the resolved resonance region.
In Fig. 3.7, contribution of the experimental resolution in terms of FWHM as function of
neutron energy is compared with the Doppler broadening (∆D) and the natural total widths
(Γλ) of natural silver isotopes 107Ag and 109Ag, taken from JEFF-3.2 library. In calculating
of the Doppler width, an effective temperature Te f f = 300 K was used. Uncertainties on
the flight path length ∆L = 1 mm and the initial pulse width ∆T0 = 2 ns were considered in
the experimental resolution calculation. We can observe that at lower energies the observed
broadening of the resonance profiles is governed by the Doppler effect and at higher energies
the effect of experimental resolution starts to dominate. The latter depends on the flight path
distance. Values of average spacing between s-wave resonances D0 for 107Ag and 109Ag,
obtained by Zanini [66], are 27.6 eV and 20.0 eV , respectively. Resolutions at distances 12.9
m and 10.9 m are then good enough to resolve silver resonances up to 1 keV , which was the
energy region of interest.
3.2 Transmission and Capture experiments
Resonance structures that appear in the resonance region of the studied isotope as a con-
sequence of neutron induced reaction with that isotope can be revealed by applying the
TOF technique through transmission and capture measurements. In principle, transmission
measurements are used to determine the total cross sections and capture measurements
are used to determine the radiative capture cross sections. To assure the good quality of
resonance parameters, used to calculate cross section, a good description of the measurement
process is required. Over the years of GELINA operation a lot of effort has been made to
improve the quality of measured data and evaluate and identify the metrological parameters
that contribute to uncertainties of experimental observables, in order to reduce the bias effects.
Major parameters affecting the observed data come from the thermal motion of the target
nuclei, the finite resolution of the TOF spectrometer, the sample characteristics, dead time
effects and background contributions [67].
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Fig. 3.7 Contributions of the experimental resolution at FP5 and FP12, Doppler effect and
the natural total widths of 107Ag and 109Ag to observed resolution.
Transmission and Capture experiments with the TOF technique are the basis of the
Neutron Resonance Transmission Analysis (NRTA) and Neutron Resonance Capture Analysis
(NRCA) methods. These are well established Non-Destructive Analysis (NDA) methods
used to characterize the elemental and isotopic composition of materials, and require good
knowledge of nuclear data. NRTA and NRCA can be applied to several applications in
different fields, i.e. determination of melted fuel formed in a severe nuclear accident,
characterization of reference materials used in cross section measurements and organic
samples used in biomedicine, detection of drugs and explosives, archeology, thermometry,
neutron resonance imaging etc [67]. In this work NRTA method was used to identify and
quantify nuclide composition of the MINERVE samples, previously used for pile-oscillation
measurements at the zero-power reactor MINERVE at CEA Cadarache.
In the following sections principles of transmission and capture measurements will be
explained and detector set-ups used at transmission station FP13 and capture station FP5 will
be presented.
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3.2.1 Principles of Transmission measurements
In a transmission measurement one measures the fraction of a neutron beam passing through
the sample without any interaction. For a parallel neutron beam perpendicular to the sample,
homogeneous sample transmission factor T is related to the Doppler broadened total cross
section σtot,k and areal number density nk of nuclide k through expression [3], [43]
Tth = e−
∑
k nkσtot,k . (3.11)





where m is mass of the sample (in g), Mk molar mass of the nuclide k (in g/mol), S the
sample area (in cm2) and NA = 6.022×1023 mol−1 the Avogadro’s constant.
Experimentally the transmission Texp is obtained from the ratio of a sample-in Cin(t)
and sample-out Cout(t) counting TOF spectra, which are the TOF measurements of the
neutron fluence rate measured alternating sample in and out of the neutron beam, respectively.
Counting spectra Cin(t) and Cout(t) are corrected for events that are not registered due to
the dead-time of the detection system and normalized to the same neutron intensity. Final




where Bin(t) and Bout(t) are the background contributions to sample-in and sample-out
measurements, respectively. The background is approximated with the model and is derived
by a black resonance technique [68]. In this technique samples of elements with strong
resonances, also called black resonance filters, are placed in the neutron beam to absorb all
neutrons at given energy ranges. Thickness of black resonance filters are carefully chosen
to achieve transmission less than 10−4 at the bottoms of black resonances [3]. A list of
suitable black resonance elements and the energies of their strong resonances are given in
Table 3.1. In addition, 10B or Cd anti-overlap filters are inserted in the neutron beam to
reduce the background component coming from the neutrons that were detected, but were
produced in the previous accelerator cycle. Transmission background model is the analytical
expression as a function of TOF. Free parameters of the analytical expression are adjusted
by a least-square fit to the bottom of black resonances presented in measured TOF spectra.
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Table 3.1 Elements used as black resonance filters in TOF measurements to determine the











Background contributions and the background model will be discussed in details in Chapter
4.
The normalization factor NT in Eq. (7.3) accounts for the uncertainty coming from
the variations in the beam intensity and can be reduced to less than 0.25 % by alternating
sequences of sample-in and sample-out measurements.
Direct relation between the experimental transmission Texp (Eq. (7.3)) and theoretical
transmission (Eq. (7.2)) can be obtained if the measurements are performed in a good
transmission geometry [3]. This is when:
• all detected neutrons have passed through the sample,
• neutrons scattered by the sample are not detected,
• the sample is perpendicular with respect to a parallel incoming neutron beam and
• in addition the sample material has a constant homogeneous spatial distribution.
Under these conditions background contributions are well understood and data reduction
steps and analysis are well established. A good transmission geometry can be obtained by
proper collimation at the sample and detector position.
Li-glass scintillation detector
The lithium glass (Li-glass) detector is an inorganic scintillation detector used to detect slow
neutrons, mostly to record the arrival time of the neutron in a TOF experiment. Li-glass is
preferred over the other materials due to the good timing resolution and a low background
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activity of the naturally radioactive thorium and potassium which may be contained in
the glass [69]. At the GELINA facility Li-glass detectors are utilized at transmission
measurements to measure the neutron fluence rate.
The detection of neutrons is based on the (n,α) reaction in 6Li:
6Li+n −→ α (2.73 MeV)+3 He (2.05 MeV). (3.14)
6Li(n,α) reaction has a thermal cross section of 941 b whereas for 6Li(n,γ) it is 0.0385
b. The high Q-value of 6Li(n,α) reaction reaction (Q = 4.78 MeV) allows discriminating
between neutrons and γ-rays in detection signals. Charged alpha particles, created in the
(n,α) reaction, form a large number of electron-hole pairs. Holes quickly drift to the location
of an activator site and ionize it, because the ionization energy of the impurity is less than that
of the lattice. Meanwhile, the free electron migrates through the crystal until it encounters
such an ionized activator and drops into it. This results in a very quick and highly probable
activation state de-excitation with the emission of photons. Time characteristics of the
emitted scintillation light are determined by the decay time of the activator state.
At flight path FP13 transmission station the neutrons are detected by a 6.35 mm thick
Li-glass detector of rectangular shape (76 mm×76 mm), as shown in Fig. 3.8. The Li-glass
scintillator is made of silica glass with lithium oxide, enriched to 95 % in Li to increase
the sensitivity to neutrons. Small amounts of cerium (Ce) are added to act as activator that
produces scintillation light. The detector is encapsulated in an aluminum canning, surrounded
by a solid µ-metal shield and the built-in voltage divider present one anode and one dynode
outputs. The detector is coupled to light guides. The scintillating light generated by the
Li-glass is collected and transported by this guide to an EMI9823-QKB photomultiplier
(PMT) photo-cathode that converts it into electronic signal. An example of the amplitude
spectra obtained from the dynode output of the PMT is given in Fig. 3.9. The peak in figure
belongs to the (n,α) reaction. A good knowledge of detection efficiency is not important in
the transmission experiment due to the sample-in and sample-out measurements.
Neutron flux monitor
Neutron fluence rate monitors are used to normalize spectra to the same neutron intensity
in transmission (and also in capture) measurements. These detectors are realized by the
BF3 proportional counters, which are mounted at different positions in the ceiling of the
target hall. Each detector is a tube of 2.54 cm in diameter and 63.2 cm in length, filled with
a BF3 gas, highly enriched in 10B [70]. The tube of the counter is the cathode and wire
inside the tube is the anode. Detection of neutrons is based on the (n,α) reaction (Eq. 3.14)
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Fig. 3.8 The Li-glass detector inside the shielding structure at 10.9 m transmission station of
flight path 13.
and further creation electron-ion pairs with the final signal pulse being proportional to the
incident neutron. The neutron fluence rate measured by BF3 counter is then proportional to
the the total neutron fluence rate produced by the uranium target.
Transmission setup at FP13
Transmission measurements in this work were performed at flight path FP13 at transmission
station with the neutron detector positioned around 10.9 m from the neutron-producing
target. It is a new measurement station, commissioned in 2015. It was installed with the
aim to offer a compact NRTA system for industrial, routine applications, and is optimized
for cross section measurements in the low energy range [71]. Experimental setup at FP13 is
schematically presented in Fig. 3.10.
Flight path FP13 forms an angle of −18◦ with respect to direction normal to the exit
face of the moderator. It uses a moderated neutron beam, which is shaped with a set of
collimators placed inside the aluminum tube. At 7.7 m from the target, black resonance filters,
anti-overlap filters and sample are mounted to an automatically controlled sample changer,
which allows automated sample-in and sample-out measurement sequences. The 6.4 mm
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Fig. 3.9 Amplitude spectra of the deposited energy in the Li-glass detector with the observed
peak corresponding to the (n,α) reaction in 6Li.
thick Li-glass scintillation detector, used to measure the neutron fluence rate, is placed at
10.9 m from the neutron target.
A set of annular collimators made of Pb, Cu is installed before and after the sample
changer to define the desired collimation and assure good transmission geometry. Collimation
can be adapted to the sample size and was set to beam diameter of 10 mm and 15 mm
at the sample position for the transmission measurements with standard disc samples of
natural silver and cylindrical MINERVE samples, respectively. In addition to collimators,
background from the beam neutrons and neutrons scattered from other flight paths is reduced
by placing the detector inside a shielding structure made of lead, boron-oxide, wax and
borated polyethylene [71].
The measurement station is equipped with air-conditioning to reduce electronic drifts
in the detection chains due to temperature changes and to keep the sample at a constant
temperature. The temperature at the sample position is constantly monitored.
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Fig. 3.10 Schematic representation of the GELINA transmission set-up at flight path 13
(FP13).
3.2.2 Principles of Capture measurements
In capture experiment the quantity of interest is the capture yield, which is defined as the
fraction of the incident neutrons producing the capture event. Theoretical capture yield Yγ,th









The primary yield Y0,k refers to the capture interactions which occur at the first collision. For a
parallel uniform neutron beam and homogeneous sample material, positioned perpendicularly





j n jσtot, j
) nkσγ,k∑
j n jσtot, j
, (3.16)
where nk is the areal number density of nuclide k, σγ,k is the Doppler broadened capture cross
section and the term in brackets is the self-shielding F, which accounts for the attenuation of
the neutron beam in the sample:
F =
(
1− e−∑ j n jσtot, j)∑
j n jσtot, j
. (3.17)
This expression contains a summation over all nuclides j contributing to the self-shielding
factor. In the limit of very thin samples and/or small cross sections (
∑
j n jσtot, j ≪ 1) F = 1,
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Ym,k ≈ 0 and Yγ,th is directly proportional to the capture cross section:
Yγ,th ≈ nkσγ,k. (3.18)
For thicker samples one needs to take into account the correction for multiple collision events
Ym,k. This term accounts for the contribution from neutrons scattered at least once before their
capture in the sample, i.e. single scattering at different angles or multiple scattering (m > 1).
In that case capture yield depends not only on the capture and total cross sections but also on
the scattering cross sections. Corrections for the multiple collision events are included in the
resonance shape analysis codes (i.e. REFIT, SAMMY, CONRAD) by analytical expressions
derived for simple geometries, i.e. disc samples and spheres.
Capture experiment is based on the detection of prompt gamma rays emitted from the
sample after neutron induced capture reaction in the sample. The experimental yield Yexp
as a function of registered TOF is deduced from the ratio of the response of the capture






where Cγ(t) and Bγ(t) are the observed dead-time corrected sample and background spectra,
respectively. Neutron fluence rate spectra and its background contribution are denoted by
Cϕ(t) and Bϕ(t), respectively. All spectra are normalized to the same neutron intensity. The
detection efficiency is denoted by ϵc, Ω is the solid angle between the sample and the detector
system, P is the probability that the prompt γ-ray escapes the sample and A is the effective
area of the sample as seen by the incoming neutron beam [3].
The neutron fluence rate background is determined by approximating it by an analytical
function by applying the black resonance technique, similar as in transmission. On the other,
the background estimation of the observed capture spectra requires additional measurements
without the sample, and with a purely scattering sample, such as 208Pb, in the neutron beam.
Background level in capture measurement is also controlled with the black resonance filters.
Details on background estimation of neutron fluence rate and capture spectra will be given in
Chapter 4.
To relate the experimental and theoretical capture yield one needs to know also the
parameters ϵc, Ω, P and A, which are related to the detection of the prompt γ-rays, and the
absolute value of the incoming neutron fluence rate. These values can be merged in the
normalization constant Nc if the parameters are energy and nuclide independent. Eq. (3.19)
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So, defined normalization constant Nc can be obtained from the experiment, at the energy
where the capture yield is well known, and the relative energy dependent fluence rate can
be determined from the measurement of the neutron induced reactions for which the cross
sections are well known [3], [62]. In most of the cases, in real experiment, only solid angle
and the effective area are independent of the incident energy of the neutron. The detector
efficiency depends on the type of detector used to detect prompt γ-rays and the method used.
From the discussion above we can already see the complexity of capture measurements
comparing to transmission measurements. They require additional measurements of neutron
fluence rate and normalization, and what is more, a relation between the experimental capture
yield and capture cross section is more complicated than relation between the transmission
and the total cross section. This results also in larger uncertainties of capture measurements
comparing to transmission measurements.
Capture detector system principles
Ideally, the capture detector setup meets the following criteria [72]: the detection efficiency
for a capture event is independent of the γ-ray cascade (i.e. independent of the multiplicity
of the γ-ray spectrum and the γ-ray energy distribution); the sensitivity to scattered neutrons
should be as low as possible and low compared to the sensitivity to γ-rays produced in
capture reaction in the sample; the detector has a very good timing response.
Three groups of detectors can be used for the direct detection of prompt γ-rays [4]: high-
resolution γ-ray detectors (i.e. high-resolution γ-ray Ge detectors), total γ-ray absorption
detectors (i.e. detectors based on NaI(Tl) crystals and BaF2 detectors) and total energy
detection systems (i.e. the Moxon-Rae, C6F6 and C6D6 detectors). The choice of detection
system depends on the reaction studied, energy region of interest, amount of sample available,
required accuracy and resolution [3]. A detection efficiency being independent of the γ-ray
cascade can be achieved in two ways. First option is the total absorption system, which relies
on the detection of all γ-rays emitted in the capture event, and has in ideal case 4π geometry
and 100 % efficiency for all γ-rays in the cascade. The drawback of these type of detectors is
its high neutron sensitivity. The other possibility is the use of the total energy detectors with
low γ-ray detection efficiency (ϵγ ≪ 1). From this group of detectors, Moxon-Rae detector
that can achieve approximately the proportionality between the γ-ray energy and detection
efficiency by the design of the detector [73], was used in the past. However, nowadays it is
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not used anymore due to its extremely low detection efficiency and the non-proportionality of
the γ-ray detection efficiency below 0.5 MeV [72]. Alternative to this option is the use of low
detection efficiency γ-ray detector in combination with the pulse hight weighting technique
(PHWT) [4], proposed by Maier-Leibnitz and first applied by Macklin and Gibson [74] using
C6F6 detectors.
Nowadays, the capture cross section measurements of non-fissile nucleus at major TOF
facilities, such as GELINA, are mostly performed by using C6D6 detectors combined with
the PHWT [4]. C6D6 detectors are suitable as they are less neutron sensitive, have very good
time resolution and can be used in a broad energy region. This method was also used in the
capture experiment with natural silver samples performed in this work.
• Total-energy detection principle and Pulse height weighting technique
As already mentioned, the total energy detector principle requires a γ-ray detector which has
the property of making γ-ray detection efficiency ϵγ proportional to the γ-ray energy Eγ:
ϵγ = kEγ. (3.21)
For the detector with very low γ-ray detection efficiency (ϵγ ≪ 1), the probability ϵγ to
observe more than one γ-ray from the capture cascade is negligible. In this approximation,









From Eq. (3.21) and Eq. (3.22) it follows that detection efficiency for a capture event ϵc
becomes proportional to the sum of the energies of the γ-rays Eγi emitted in the capture
event. If we neglect the internal conversion process, ϵc depends only on the excitation energy





Eγi ≈ kE∗ = k(S n+En) (3.23)
The γ-ray detection efficiency for a typical C6D6 detector used at the GELINA facility
is small, but not directly proportional to the γ-ray energy. Proportionality is achieved by
applying the pulse hight weighting technique, i.e. the response function of the detector is
mathematically manipulated in a way that proportionality between detection efficiency and
the γ-ray energy is achieved [4]. If R(Ed,Eγ) is the response function of the detector, i.e. the
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probability for a γ-ray with energy Eγ resulting in an observed deposited energy in the detec-
tor Ed, one introduces a weighting function W(Ed) to obtain the required proportionality [4]:∫ ∞
0
Rd(Ed,Eγ)W(Ed)dEd = kEγ. (3.24)
Overall efficiency ϵ(Eγ) to detect a γ-ray of energy Eγ is obtained by integrating the function
R(Ed,Eγ) as ∫ ∞
0
Rd(Ed,Eγ)dEd = ϵ(Eγ). (3.25)
The detector response depends on the characteristics of the detector and on the photon
transport in the sample and detector. Hence, the weighting function depends also on the
sample. Weighting function can be deduced from the Monte-Carlo simulation of the de-
tector response. An example of good agreement between the Monte-Carlo simulation and
experimental response function of the detector for a well-known mono-energetic 661 keV
γ-ray resulting from the 137Cs point source is demonstrated in Fig. 3.11 [4]. For point and
thin sources it was found that a 4th-degree polynomial as a function of deposited energy Ed
adequately describes the weighting function [75].
The application of weighting function requires the registration of both the TOF and
the deposited energy Ed. Using the weighting function as defined in Eq. (3.25) and the
distribution of the observed energy Ed deposited by the detected γ-ray and the observed TOF,








where Cγ,w(t) and Bγ,w(t) are the observed dead-time corrected and weighted count rates of
capture and background measurement, respectively.
• C6D6 detectors
The deuterated benzen C6D6 liquid scintillator belongs to the group of organic scintillation
detectors, used for the detection of the prompt γ-rays in capture experiments. The detection
of γ-ray in a scintillation detector is seen as a two-step process. In a first step, γ-ray passes
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MCNP137Cs:  Eγ= 661 keV
Fig. 3.11 A comparison between the simulated (MCNP) and experimental response of C6D6
detector for a well-known mono-energetic 661 keV γ-ray resulting from the 137Cs point
source, taken from [4].
through the scintillator undergoing a series of interactions inside the scintillator, where
secondary electrons are produced. The response of C6D6 detectors is dominated by the
events due to a single Compton scattering (owing to the low Z-value of scintillation medium),
with the visible influence of the pair-production for γ-ray energies above 1.022 MeV , and with
almost negligible contribution of the photo-electric effect. In a second step, the secondary
electrons release their kinetic energy and consequently excite atoms of the scintillation
material, which has the property known as luminescence, i.e. the absorbed energy is re-
emitted in the form of visible light. The light is transmitted to a photomultiplier where it is
converted in a weak current of photoelectrons, amplified by an electron multiplier system.
At a 12.9 m capture measurement station of flight path FP5 a set of two C6D6 detectors
(NE230) contained in an aluminum cylindrical cell of 10 cm diameter and 7.5 cm length,
placed at a 125◦ angle to the neutron beam direction, is used. Each scintillator is coupled with
a boron-free quartz windowed EMI9823-KQB photomultiplier, covered with a µ-metal to
provide an electromagnetic insulation, and canned in aluminum. A capture detection system
consisting of two C6D6 installed at a 12.9 m measurement station is shown in Fig. 3.12.
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Fig. 3.12 Capture detection set-up at a 12.9 m station of flight path FP5. Two C6D6 detectors,
placed at 125◦, and a sample, are seen in the photo.
• Angular distribution of the γ-rays
Angular distribution of the primary γ-rays emitted after the capture event depends on the
total angular momentum (J value) and the orbital momentum (l value) of the resonance.
For instance, for s-wave resonances (l = 0) the primary γ-rays are emitted isotropically,
but p-wave resonance (l = 1) may show anisotropic distribution due to the orbital angular
momentum l , 0. The angular distribution W(θ) of the primary γ-ray transition can be
expressed as a finite sum of Legendre polynomial [76]. In the resolved resonance region of
silver isotopes 107Ag and 109Ag only s- and p-wave resonances are present. For p-waves
with J > 1/2 only a primary dipole emission can occur, which can be written as:
W(θ) = 1+a2P2(cosθ), (3.28)
where a2 is the angular distribution coefficient and P2(cosθ) is the second order Legendre
polynom. Angular distribution effects can introduce systematic effects on the capture cross
sections and therefore corrections have to be applied. The impact of anisotropic effects can
be considerably reduced or avoided by placing the capture detectors at 125◦ with respect to
the neutron beam direction since the term P2(cosθ) in Eq. (3.28) is zero [4].
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Normalization
One of the main contributions to correlated uncertainties in the capture cross-section mea-
surements comes from the normalization factor Nc in Eq. (3.27) and is determined from the
capture measurement at the energy, where the theoretical capture yield is well known [4], [3].
One can determine the normalization factor from the measurement based on a standard cross-
section, e.g. capture reactions with very well known thermal capture cross section. Second
option is to use an isolated resonance in spectra with well known resonance parameters. If
the neutron width of the resonance is much smaller than the radiative width (i.e. Γn ≪ Γγ),
and in addition the product nσtot ≪ 1, the capture area is almost proportional to Γn. Neutron
width can be accurately obtained from the transmission spectra.
The most accurate method that can be applied is the normalization by using the saturated
resonance. For a saturated resonance the product of the areal density and total cross section
is much higher than the unity and so all the incident neutrons in the vicinity of the resonance
interact with the sample [77]. Capture yield then becomes proportional to the ratio of the
capture to total cross section. Borella et al. [4] showed on the example of a saturated 197Au
resonance that under these conditions the normalization factor becomes independent of the
resonance parameters and the thickness of the sample. However this method assumes that
the γ-ray cascade at the normalization energy is similar to the γ cascade of the studied
reaction and that all experimental conditions are the same. Significant reduction of the
correlated uncertainty due to normalization can be obtained by internal normalization, i.e.
by normalizing the saturated resonance presented in the investigated TOF spectra. This
eliminates all systematic effects due to the position of the sample with respect to the neutron
beam and detection system, and variations of the detector and accelerator [3]. An example of
the saturated resonance of 197Au at 4.9 eV , measured in this work, is given in Fig. 3.13.
Neutron fluence rate measurements
Measurements of the capture cross sections require the knowledge of the absolute or relative
neutron fluence rate as a function of neutron energy in order to obtain experimental capture
yield Yexp. Usually standard reactions with well known reaction cross sections are used to
reduce the uncertainty. In addition, standard reactions with smooth energy dependent cross
sections are chosen to avoid the artificial structures in Yexp [3].
Depending on the applications, different reactions can be used for the neutron fluence
rate measurements. In the energy region between the thermal region and few hundred keV
measurements based on 6Li(n, t)α, 10B(n,α)7Li and 10B(n,αγ)7Li are used. Above 0.5 MeV
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Fig. 3.13 Saturated resonance of 197Au at 4.9 eV , measured in this work. The normalization
factor was obtained from the saturated plateau of the gold resonance, using the REFIT code.
The theoretical capture yield is denoted with the red curve.
region the 235U(n, f ) is used. The 238U(n, f ) reaction is recommended for the energies above
1 MeV .
At the GELINA facility the neutron fluence rate measurements of capture experiments
below 200 keV are carried out by using the 10B(n,α)7Li reaction due to its smooth and well
known cross section. Measurements are performed with a double Frisch-gridded ionization
chamber with a common cathode loaded with two 10B layers with an areal density of
40 µg/cm2. A 10B is evaporated back to back on a 30 µm thick aluminum backing and serves
as a neutron converter. The anode and the chamber windows are also made of aluminum foil
while the Frisch grids, positioned in parallel between the cathodes and anodes, consist of
0.1 mm thick steel wires. The Frisch grids are on the ground potential. The chamber is filled
with the gas, which is a mixture of argon (90 %) and methane (10 %). Reaction (n,α) in 10B
can result either in 7Li ground state or 7Li∗ excited state which then decays with the emission
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of γ-ray with energy of 0.48 MeV:
10B+n −→
⎧⎪⎪⎪⎨⎪⎪⎪⎩
7Li+α (Q = 2.792 MeV)
7Li∗+α (Q = 2.310 MeV)
(3.29)
The high Q-value of the reaction compared to neutron energy results in the 180◦ emission
of reaction products with respect to each other. Back-to-back configuration rules out a
systematic bias effect related to forward-to-backward emission ratio [78]. Reaction products
cause the ionization of the gas and resulting ions and electrons, which are accelerated towards
the cathode and anode, respectively, produce the electric signal. Reaction product of the
(n,α) reaction in 10B can be seen as the peaks in the amplitude spectra, as shown in Fig. 3.14.
Ionization chamber is almost transparent to neutrons.
Fig. 3.14 Amplitude spectra of the 10B ionization chamber with the peaks corresponding to
lithium and alpha detection.
Frisch-gridded ionization chamber is positioned in the neutron beam, before the sample
and capture detectors. One needs to take into account the theoretical yield Yϕ of the boron
ionization chamber and the attenuation Tϕ of the neutrons in the exit window of the ionization
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chamber and in the air between the ionization chamber and sample. The ratio of Yϕ and Tϕ









where nϕ is the areal density of 10B layers, σα is the cross section for the 10B(n,α) reaction
and σtot is the total cross section for neutron induced reactions in 10B. Before dividing
the capture response with the neutron fluence rate in Eq. (3.30), the difference between the
position of the ionization chamber and the sample needs to be taken into account by shifting
them to the same time axis. After the correction given by Eq. (3.30), the experimental yield









Capture setup at FP5
Capture measurements were carried out at 12.9 m measurement station of flight path 5, which
forms an angle of 18◦ with respect to the normal of the moderator face viewing the flight
path. Experimental setup is represented in Fig. 3.15. It is a short flight path dedicated to
capture cross section measurements in the low energy region. It is also used to determine the
elemental composition of objects and materials via the NRCA technique. A shadow bar made
Fig. 3.15 Schematic representation of the GELINA capture set-up at 12.9 m measurement
station of flight path FP5.
of Cu and Pb is placed in the target room in front of the flight path 5 area to reduce both the
intensity of the γ-flash produced by the impact of the electrons in the uranium target and
contribution of the fast neutron spectra. Just after entering the measurements station, halfway
between the neutron target and the sample position, there is a sample changer with 8 mm
Pb filter to further decrease the γ-flash and anti-overlap 10B filter to reduce the contribution
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of slow neutrons from the previous accelerator cycle. In addition there are also fixed black
resonance filters, i.e. Na and S filters, for continuous monitoring of the background level.
The moderated neutron beam is collimated inside the evacuated aluminum tube with a set
of annular collimators made of B4C mixed with epoxy resin, H3BO3 mixed with wax, Cu
and Pb. Internal diameter of the collimators gradually decreases along the flight path and
results in the neutron beam diameter of ∼ 75 mm at the sample position at 12.9 m. The energy
distribution of the incident neutron spectrum is measured by using a 10B Frisch gridded
ionization chamber, placed at 80 cm before the sample. Prompt photons originating from
the sample after a neutron induced capture event are detected with a pair of C6D6 liquid
scintillation detectors, with the axis forming angles of 125◦ with respect to the direction of the
incoming neutron beam. With this position of the detectors the effects due to the anisotropy
of the dipole primary radiation are minimized. As at transmission station of FP13, the sample
temperature is continuously monitored and is kept constant by the air-conditioning system
installed in the measurement station.
3.2.3 Electronics and Data acquisition
In transmission and capture measurements two signals, i.e. a time and an amplitude signal,
are derived for each event that is detected. The time signal is used to determine the TOF
of the neutron that was detected or that induced the capture reaction in the sample. The
amplitude signal, providing information about the energy that is deposited in the detector,
can be used to monitor the detector stability, to identify a specific reaction or to determine
the detection efficiency e.g. by applying the pulse height weighting technique. Both the time
and amplitude signal in transmission and capture measurements were determined by using
the analogue logic NIM modules. These modules are used to create an acquisition system
with a fixed dead time and to avoid large dead time corrections due to the γ-ray flash.
The production of the time and amplitude signal for a scintillator detector connected
to a photomultiplier is illustrated in Fig. 3.16a. Photomultiplier converts the extremely
weak light output of a scintillation pulse into a corresponding electrical signal that is further
processed by electronic modules. The fast anode signal of the PMT is directly transmitted to
a constant fraction discriminator (CFD) which produces a logic signal at the time the leading
edge of the pulse reaches a given fraction of its peak amplitude. For pulses with the same
shape this time signal is independent of the amplitude. The time signal is sent to a multi-hit
fast time-to-digital converter (TDC), developed at the EC-JRC-IRMM [79], to determine
the time-of-flight of the detected event. The signal of a dynode (e.g. the 9th dynode for a
14 stage PMT) is proportional to the amount of light produced in the scintillator. After a
first shaping by a preamplifier (PA), the signal is shaped and amplified by a spectroscopic
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amplifier (SA) to produce a signal that provides information about the energy deposited in
the detector. The output of the amplifier is first sent to a linear gate which only transmits a
signal when a valid time-of-flight signal produced by the corresponding detector is present.
The analogue signal is then digitized in an analogue to digital converter (ADC) before it is
sent to the data acquisition system. Hence, the ADC’s do not process any event for which no
valid time-of-flight output is produced by the same detector. In the case of a Frisch-gridded
ionization chamber, the time signal (Ts) is produced by a timing single channel analyzer
(TSCA) at the moment the bipolar pulse of the SA crosses the zero level. To align the
amplitude pulse in time with the timing signal, the bipolar pulse is delayed before it is sent to
the ADC, as illustrated in Fig. 3.16c.
Fig. 3.16 a) Detection set-up for capture cross section measurements based on the use of a
scintillation detector with the time signal derived with a CFD. b) Detection set-up for capture
cross section measurements based on the use of an ionization chamber with the time signal
derived from the zero-crossing of the bipolar output of a spectroscopic amplifier.
The time-of-flight and amplitude signals of a detected event are recorded in list mode
using a multi-parameter data acquisition system (DAQ) that has been developed at EC-JRC-
IRMM [80]. The system consists of a number of logic modules to handle the timing signal,
dead time and coincidences, a TDC, an ADC for each detector, a scaler module, a modular
multi-parameter multiplexer (MMPM) and an I/O transmitter module (also referred to as
transceiver), as shown in Fig. 3.17. The output of the TDC and each ADC are fed to the
MMPM which is connected to transceiver. The latter provides the communication with
the DAQ PC through a PCI card. The scaler module provides additional information via
a second PCI card in the PC. The DAQ software, which is based on Labview, is used for
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data acquisition, for data storage and for on-line monitoring of the data. The main dead time
in the whole pulse processing chain is due to the conversion of the analogue signal into a
digital number by the ADC and the subsequent processing by the MMPM. It depends on the
shaping time of the signal and the type of ADC. It is about 2.5 µs for a FAST ADC Model
7072 processing a signal with a 0.25 µs shaping time.
Fig. 3.17 Electronic set-up used to process the time and amplitude signals at the capture
station. Most of the modules are used to avoid the processing of events resulting from the
γ-flash, to produce a fixed dead time and to produce a gate signal for the amplitude signal.
Standard logic NIM modules
The first leading edge discriminator avoids the processing of γ-ray flash events. Valid stop
signals resulting from the CFD are not transmitted when a veto signal is present. The veto
signal is produced by a gate generator at the moment the pretrigger signal (Tp) is produced.
The length of the veto signal, in the order of 3 µs, is defined by the time difference between
the time signal produced by the γ-ray flash and the pretrigger signal Tp, which is produced
about 2.5 µs before the start of the pulsed electron beam. This discriminator also ensures
that spurious signals due to electronic noise are not processed.
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The second discriminator introduces the fixed dead time. The veto signal prevents that
any signal occurring within a fixed time after a previous signal is processed. The length
of the veto signal is set to the longest dead time in the system. For each event that passes
through the first discriminator this veto signal is produced by using the output of a logic
OR-module (fan-in/fan-out). The width of the output signals of the first discriminator (about
60 ns) is adjusted to bridge the time-difference between the input signal and the leading edge
of the veto signal.
The second output of the OR-module is used by the TDC to determine the time-of-flight
of the detected event. The start signal produced by the pulsed electron beam is the zero-point
of the clock. The TDC is reset with the Tp of the next accelerator pulse. The TDC produces
a logic pulse (Event Accepted, EA) when a valid time-of-flight is produced. The EA signal
produces a gate signal for the linear gate to allow the processing of the amplitude signal
by the ADC. A coincidence unit ensures that the gate signal is only present when the EA
originates from the time signal of the corresponding detector. The time difference between
the output of the second discriminator and the EA is adjusted by a passive delay. Since the
linear gate only accepts TTL signals as a gate input, the NIM signal from the coincidence
unit is transformed into a TTL signal by a gate generator. At the same time the gate generator
is used to adjust the time difference between the gate and amplitude signal.
DAQ2000
A Labview based application (DAQ2000) controls the data acquisition and stores in list
mode the digital TOF and pulse height data of each ADC together with the information
registered by the scaler module. During data taking various TOF and ADC histograms can be
produced on-line to check correct operation of the measurement set-up and data acquisition.
A measurement run can be subdivided in different cycles. The length of a cycle can be defined
by either the number of registered events per cycle or by the measurement time per cycle. For
each cycle the data can be stored in list mode and/or in histograms. For each measurement
run a report file is produced. This file specifies the type of TDC that was used and contains
information about the measurement configuration and the data related to each measurement
cycle. For each cycle the starting time, the measurement time, the number of events and the
information recorded by the hardware scaler are reported. Additional information, such as
the number of counts processed by the TDC and each ADC, are produced by the software.
These data are referred to as software scalers. The list mode data file records for each event
the values from the TDC and ADC’s that are connected to the MMPM. The measured TOF
can be stored in list-mode with or without predefined accordeon (i.e. the description of a





In this chapter, the experimental techniques, defined in the previous chapter (i.e. Chapter 3),
are applied to the actual experiment, performed in the scope of this work. First part concen-
trates on the description of samples used for the transmission and capture measurements, and
the measurements conditions.
Data reduction of the transmission and capture measurements with the metallic discs of
natAg follows the standard steps, which have been well established during the years of TOF
experiments. The main challenge of this work are the transmission measurements with the
cylindrical MINERVE samples. Second part of this chapter focuses on the data reduction of
transmission spectra, which was adapted in order to account for the void fraction due to the
sample positioning in the neutron beam.
4.1 Sample characteristics
To accurately determine the cross sections of specific isotope it is important to perform
measurements with well characterized samples. In transmission experiment one of the
constraints for the optimum transmission geometry is the homogeneity of samples. Ho-
mogeneous samples without cavities are required to directly relate the experimental and
theoretical transmission. If this condition is not satisfied, resonance parameters are biased,
unless sample inhomogeneities are taken into account in the resonance analysis [81]. To
avoid inhomogeneities, metallic samples are preferred over powder samples. Accurate trans-
mission measurements also require flat samples, positioned perpendicular to the neutron
beam. In addition, sample needs to fully cover the neutron beam so that all the neutrons
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pass through the sample. In the transmission measurements with MINERVE samples, part
of the neutron beam passed next to the sample, but was detected in the Li-glass detector. In
addition, MINERVE samples have a cylindrical shape. The data reduction and resonance
analysis were modified to obtain reliable results due to the positioning in the neutron beam
and geometrical characteristics of the samples.
In capture measurements, samples of very thin homogeneous metal foil or disc are
preferred such that thin sample approximation is valid. In reality, optimum thickness is
chosen based on signal-to-background ratio and bias effects due to the self-shielding and
multiple-interactions. Metallic samples are not always possible and in case of powder samples
similar precautions as in transmission arise.
Characteristics of the samples used for the measurements in this work are given in the
following section.
4.1.1 Metallic samples of natural silver
Transmission and capture measurements of natural silver in the resolved resonance region
were performed with the natural silver metallic discs of different thickness and diameter
of around 80 mm. Samples were produced at the EC-JRC-Geel. The areal density of the
samples was derived from a measurement of the weight and the effective area, by using
Eq. (3.12). The latter was deduced from a non-contact optical surface inspection with a
microscopy-based system, i.e. Mitutoyo Quickscope system [82].
Apart from the silver samples, two additional samples, 208Pb and 197Au disc, were used
in capture experiment for background and normalization studies, respectively. The most
important characteristics of the samples are reported in Table 4.1.
Table 4.1 Characteristics of metallic disc samples used for transmission (indicated with T)
and capture (indicated with C) experiments. Areal densities of the samples were calculated
from the measured weights and the areas of the samples.
Sample natAg natAg natAg 197Au 208Pb
Thickness [mm] 0.25 0.126 0.06 0.5 /
Diameter [mm] 80 80 80 81 80
Weight [g] 14.3653 (1) 6.6366 (1) 3.4056 (1) 50.9234 (1) /
Area [cm2] 50.3087 (4) 50.3088 (3) 50.2376 (89) 51.4538 (22) /
Areal n. density (×10−3) [at/b] 1.59411 (2) 0.73646 (1) 0.37845(8) 3.0259 (1) /
Transmission/ Capture C T, C T, C C C
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4.1.2 MINERVE samples
Five different MINERVE samples, previously used for reactivity worth measurements based
on pile-oscillation technique, were available for the transmission measurements. Four
samples, i.e. AG9C1, AG9C2, AAG and UNC, were used in the frame of the Burn-Up-Credit
(BUC) program and MAG sample was used in the MAESTRO program. Both, BUC and
MAESTRO program, were experimental programs at the MINERVE research reactor at the
CEA-Cadarache, France. All the samples have similar geometrical characteristics, i.e. they
have a cylindrical shape with diameter ∼ 1 cm and length of ∼ 10 cm.
MINERVE samples used in the BUC program consist of a ten-pellet stack welded in two
Zircaloy-4 (Zy−4) containers as schematically presented in Fig. 4.1. The pellets of three
samples, i.e. AG9C1, AG9C2 and UNC, are made of UO2 matrix, and AAG pellets are made
of Al2O3 matrix. Samples are doped with the 109Ag isotope of a different enrichment (i.e.
AG9C1, AG9C2) or natural Ag (i.e. AAG). The reference sample UNC contains only the
matrix.
Both, samples made of UO2 and Al2O3 matrix were manufactured by powder compacting.
The mixture of matrix with the doping isotope was prepared by grinding the components
together with ethanol using a FRITSCH type laboratory grinder [83] that uses the tungsten
carbid balls as the grinding material. Ethanol was then evaporated by overnight storage at
50 ◦C. In next step the mixture of powder was granulated by uniaxial compression through a
sieve at the pressure of 100 MPa. Granulate was then lubricated by a solution of zinc stearate
in ether and compressed by unaxial hydraulic pressing at 400 MPa. For each sample, ten
pellets were stacked and welded in a double Zy-4 cladding.
The MAESTRO sample, labeled as MAG, is in the form of diluted solution. It consists
of natural silver dissolved in a well characterized 4% nitric acid (i.e. HNO3) solution that
is enclosed in a double watertight cladding, one of welded Zy-4 and one of aluminum
alloy (Al-5754). Material composition was guaranteed by accurate weighting of the sample
components before and after welding, and the provision of highly pure materials.
Nuclide composition was characterized by destructive method, i.e. the inductively
coupled plasma mass spectroscopy (ICP/MS). From the measurements, the ratio between the
component mass and the total mass was obtained. Total mass was obtained by weighting the





where mi is the mass of the component i, Ai is the atomic mass of the component i and V is
the volume of the pellet. The main characteristics of MINERVE samples and their nuclide
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Fig. 4.1 Schematic presentation of the MINERVE sample, composed of a ten-pellet stack
(blue), enclosed in two Zy−4 containers (i.e. cladding C1 (red) and cladding C2 (green)).
compositions are given in Table 4.2 and Table 4.3, respectively. Nuclide composition of the
Zircaloy-4 and aluminum claddings is presented in Table 4.4.
Fig. 4.2 The liquid MAG sample, previously used for the reactivity measurements at the
MINERVE reactor, in scope of the MAESTRO program.
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Table 4.2 Characteristics of the MINERVE samples. Pellet-stack (or diluted solution in case
of MAG sample) is denoted with P, inner cladding with C1 and outer cladding with C2.
Diameter is indicated with Φ and height with h.
Program BUC MAESTRO
Sample AG9C1 AG9C2 AAG UNC MAG
Doping isotope 109Ag 109Ag natAg / natAg
mass 109Ag [g] 1.074 (107) 0.117 (6) / / /
mass natAg [g] / / 1.147 (61) / 1.700 (9)
mass (P) [g] 31.998 31.264 11.209 30.879 5.665
Φp [mm] 8.11 (10) 8.11 (10) 8.14 (10) 8.10 (10) 8.34 (2)
ΦC1,in [mm] 8.36 (5) 8.36 (5) 8.36 (5) 8.36 (5) 8.34 (2)
ΦC1,out [mm] 9.60 (5) 9.60 (5) 9.60 (5) 9.60 (5) 9.56 (2)
ΦC2,in [mm] 10.20 (5) 10.20 (5) 10.20 (5) 10.20 (5) 10.00 (2)
ΦC2,out [mm] 10.60 (5) 10.60 (5) 10.60 (5) 10.60 (5) 12.00 (2)
hP [mm] 94.80 (1) 94.70 (1) 94.90 (1) 94.80 (1) 81.90 (1)
hC1,in [mm] 100.00 (1) 100.00 (1) 100.00 (1) 100.00 (1) 100.00 (1)
hC1,out [mm] 100.50 (1) 100.50 (1) 100.50 (1) 100.50 (1) 108.00 (1)
hC2,in [mm] 101.00 (1) 101.00 (1) 101.00 (1) 101.00 (1) 108.00 (1)
hC2,out [mm] 103.50 (1) 103.50 (1) 103.50 (1) 103.50 (1) 120.00 (1)
Table 4.3 Nuclide composition of the MINERVE samples (i.e. composition of the pellets or
diluted solution) given in 1024 at/cm3.
Isotope AG9C1 AG9C2 AAG UNC MAG
234U 7.069×10−7 7.130×10−7 / 7.090×10−7 /
235U 1.025×10−4 1.034×10−4 / 1.028×10−4 /
238U 1.380×10−2 1.392×10−2 / 1.384×10−2 /
16O 3.131×10−2 2.948×10−2 3.585×10−2 2.982×10−2 3.523×10−2
1H 1.136×10−3 1.111×10−3 5.666×10−4 2.602×10−3 6.219×10−2
64Zn 9.233×10−6 9.030×10−6 3.20×10−6 8.932×10−6 /
Cnat 6.721×10−4 6.574×10−4 2.335×10−4 6.502×10−4 /
14N 7.696×10−4 8.393×10−5 / / 1.439×10−3
15N 1.159×10−7 1.264×10−8 / / /
27Al / / 2.371×10−2 / /
107Ag 2.157×10−6 2.353×10−7 6.722×10−4 / 5.551×10−4
109Ag 7.711×10−4 8.409×10−5 6.245×10−4 / 5.157×10−4
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Table 4.4 Nuclide composition of each cladding, i.e. the Zircaloy-4 and aluminum claddings,
given in 1024 at/cm3.
AG9C1, AG9C2, AAG, UNC MAG
Isotope Cladding C1, C2 Isotope Cladding C1 Isotope Cladding C2
90Zr 2.186×10−2 90Zr 2.191×10−2 27Al 5.375×10−2
91Zr 4.767×10−3 91Zr 4.779×10−3 28S i 9.885×10−5
92Zr 7.286×10−3 92Zr 7.305×10−3 29S i 5.005×10−6
94Zr 7.384×10−3 94Zr 7.402×10−3 30S i 3.323×10−6
96Zr 1.190×10−3 96Zr 1.193×10−3 54Fe 5.556×10−6
112S n 4.683×10−6 112S n 4.675×10−6 56Fe 8.721×10−5
114S n 3.138×10−6 114S n 3.133×10−6 57Fe 2.014×10−6
115S n 1.641×10−6 115S n 1.639×10−6 58Fe 2.680×10−7
116S n 7.019×10−5 116S n 7.008×10−5 63Cu 5.232×10−6
117S n 3.708×10−5 117S n 3.702×10−5 65Cu 2.332×10−6
118S n 1.169×10−4 118S n 1.167×10−4 55Mn 6.639×10−5
119S n 4.142×10−5 119S n 4.136×10−5 24Mg 1.338×10−3
120S n 1.573×10−4 120S n 1.571×10−4 25Mg 1.694×10−4
122S n 2.235×10−5 122S n 2.232×10−5 26Mg 1.694×10−4
124S n 2.795×10−5 124S n 2.791×10−5 50Cr 3.425×10−7
54Fe 8.686×10−6 54Fe 1.455×10−5 52Cr 6.604×10−6
56Fe 1.364×10−4 56Fe 2.285×10−4 53Cr 7.489×10−7
57Fe 3.149×10−6 57Fe 5.276×10−6 54Cr 1.864×10−7
58Fe 4.191×10−7 58Fe 7.022×10−7 64Zn 3.505×10−6
50Cr 3.302×10−6 50Cr 8.300×10−6 66Zn 2.012×10−6
52Cr 6.368×10−5 52Cr 1.601×10−4 67Zn 2.957×10−7
53Cr 7.221×10−6 53Cr 1.815×10−5 68Zn 1.356×10−6
54Cr 1.798×10−6 54Cr 4.518×10−6 70Zn 4.327×10−8
16O 3.088×10−4 16O 3.776×10−4 46Ti 4.259×10−7
174H f 3.587×10−9 174H f 2.164×10−9 47Ti 3.841×10−7
176H f 1.153×10−7 176H f 6.953×10−8 48Ti 3.805×10−6
177H f 4.120×10−7 177H f 2.485×10−7 49Ti 2.793×10−7
178H f 6.044×10−7 178H f 3.646×10−7 50Ti 2.674×10−7
179H f 3.018×10−7 179H f 1.820×10−7 206Pb 5.863×10−8
180H f 7.772×10−7 180H f 4.688×10−7 207Pb 5.377×10−8
14N 1.816×10−5 208Pb 1.275×10−7
1H 7.096×10−5
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4.2 Measurements and data sorting
In this subsection details of experiment during each measurement campaign and measurement
sequences are given. Due to the possible instabilities of the accelerator operating conditions
(i.e. frequency, electron current and neutron output) and detection system measurement
runs are divided in cycles. Selection of cycles used for further analysis is performed in the
Labview applications Data Sorter Code [3] and RoRF code [84] for transmission and capture
measurements, respectively. Criteria for cycle selection for each measurement will be given
for each type of measurement.
4.2.1 Measurements with metallic discs of natural silver
Transmission experiment
Transmission measurements with metallic discs of natural silver were performed at transmis-
sion station 10.9 m of flight path 13, described in Chapter 3. For all the measurement runs
the accelerator was operating with the frequency of 800 Hz. The neutron beam diameter was
10 mm at the sample position.
At the beginning we performed calibration of the TOF spectra, i.e. we determined the
time-offset that is used to correct the time difference between the stop signal and start signal
measured by the TDC, using Eq. (3.4). In transmission experiment this time-offset can be
derived from the measurement of the TOF of the γ-ray flash produced in the target. The γ-ray
flash that appears as a narrow peak in the TOF spectra when the veto signal is not present.
Time-offset t0 was then calculated from the difference between the measured position of the
γ-flash peak at tγ,m and the theoretical value tγ that the γ-ray needs to travel the distance L
with the speed of light c (tγ = L/c):
t0 = tγ,m− tγ. (4.2)
This difference for the distance 10.9 m and position of the γ-flash peak at tγ,m = 93 ns results
in t0 = −57 ns.
In the first part of the measurement campaign, background measurements were performed
with black resonance and anti-overlap filters in the neutron beam. During the measurements,
black resonance filters Na, Cu, Co, W, Ag and Rh were fixed, while anti-overlap filters 10B
and Cd were alternated each cycle. In next step, measurements with natural disc samples, i.e.
Ag samples of 0.126 mm and 0.06 mm thickness, were carried out. During these measurement
only Na and Co black resonance filters were kept in the neutron beam to continuously control
the background level (Table 4.5). Measurement sequences with sample-in and sample-out
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for each anti-overlap filter (i.e. 10B and Cd filters) were performed. Neutron fluence rate was
constantly monitored with two BF3 proportional counters called central monitors CM1 and
CM3. The dead-time of the pulse processing chain tD was estimated from the on-line spectra
of the recorded interval distribution between successive events: tD = 3024 ns.
The length of cycle was defined by the number of registered events in the neutron detector
per cycle. It was set to 106 events per cycle and 2×106 events per cycle for the measurements
with 10B and Cd filters, respectively. The difference in predefined number of events per cycle
is due to different absorption properties of 10B and Cd filters and was set to ensure similar
length of cycles for each sequence. In the Data Sorter code only cycles for which the number
of counts measured by CM3 monitor, deviated by less than 1 % from the average value, were
selected for the further analysis.
Table 4.5 Measurement runs in transmission experiment of natAg.
Sample Fixed black resonance filters Anti-overlap filter Sample position
no sample Na, Cu, Co, W, Ag, Rh 10B/Cd
Ag 0.06 mm Na, Co 10B/Cd IN/OUT
Ag 0.126 mm Na, Co 10B/Cd IN/OUT
Capture experiment
Capture measurements, carried out at 12.9 m distance at the measurement station FP5 were
also performed at the frequency of 800 Hz.
First, the energy calibration of the C6D6 spectra was performed in order to relate the pulse
height distribution with the γ-ray equivalent energy. The C6D6 detectors were irradiated
with the γ-rays emitted from the standard radioactive sources; 137Cs, 232Th, 241Am+Be and
239Pu+13 C. As already mentioned, the response of the C6D6 is dominated by the Compton
process. Therefore, the observed peak in spectra corresponds to the Compton edge of the
calibration source. The 232Th source was also used to weekly check the stability of the
electronics chain of the C6D6 detectors by measuring the channel position of the 2.6 MeV
γ-ray of 232Th decay chain. The discrimination level of the capture detection system was set
to around 240 keV deposited energy.
The measurement campaign started with the background shape study of the energy
dependent neutron fluence rate. Neutron fluence rate measurements were performed with
the Frisch-gridded ionization chamber with only the black resonance filters (i.e. S , Na, Co,
W and Ag filters) and anti-overlap filter 10B positioned in the neutron beam. In next step,
measurements without a sample in the beam, and after with the 208Pb sample in the beam,
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were performed to determine the background contributions to the response of C6D6 detectors.
The energy distribution of the incident neutron fluence rate was measured in parallel. Only
Na and S black resonance filters were used to monitor the background level. The following
measurement runs were with the natural silver discs with different thicknesses, i.e. natAg
discs of 0.25 mm, 0.126 mm and 0.06 mm thickness. Apart from the silver samples, additional
197Au metallic disc was used for the normalization study. The sequence of measurements in
the capture experiment is given in Table 4.6.
The dead-time of the capture system was tD = 2540 ns and for the energy dependent
neutron fluence rate measurement system it was tD = 2800 ns. Data were stored in cycles
of 900 s. The selection of cycles used for further analysis was based on the stability of
the accelerator frequency, total neutron intensity measured by the CM3 monitor and the
response of the C6D6 detectors (i.e. ratio between ADC signals of each detector). Only
cycles with deviations of less than 0.05 %, 3 % and 2%, respectively, were selected with the
RoRF software. In addition, only cycles that were selected from both, the C6D6 detectors
and ionization chamber, were considered for further analysis.
The time-offset for the C6D6 detectors was derived from the γ-flash using Eq. (4.2) (i.e.
t0 = −157 ns). The time-offset of the Frisch-gridded ionization chamber, determined from
the γ-flash can be biased due to the difference between the energy loss process of a γ-ray and
a charged particle. In this case, t0 is best obtained from the transmission dips of the strong
and narrow resonances. In our example, the well known sulphur resonance at 30.38 keV was
used for TOF calibration.
Table 4.6 Measurement runs in capture experiment of natAg.
Sample Fixed black resonance filters Anti-overlap filter
no sample S , Na, Co, W, Ag 10B
no sample S , Na 10B
208Pb S , Na 10B
Ag 0.25 mm S , Na 10B
Ag 0.126 mm S , Na 10B
Ag 0.06 mm S , Na 10B
197Au S , Na 10B
4.2.2 Measurements with MINERVE samples
Transmission measurements with the MINERVE samples were carried out at transmission
station 10.9 m of flight path 13 using identical measurement setup as for the measurements
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with natural silver discs. Sample holder, used to fix the disc samples at the sample changer,
is not designed to properly position the MINERVE sample in the neutron beam. For this
reason a new sample holder was designed. With the new holder, the MINERVE sample could
be positioned in neutron beam with the cylindrical axis of the sample oriented vertically
(Fig. 4.3). To ensure that the sample if fully in the beam, i.e. the neutron beam diameter
is larger than the sample diameter, the collimation was adjusted to 15 mm at the sample
position.
Measurements were performed with the Na and Co fixed black resonance filters and a
sequence of cycles with the 10B and Cd anti-overlap filter. Measurement runs with MINERVE
samples (i.e. AG9C1, AG9C2, UNC, AAG and MAG) were performed one after another
under the same experimental conditions (Table 4.7). The time offset and the dead-time
values were the same as in transmission experiment with natAg samples, i.e. t0 = −57 ns and
tD = 3024 ns, respectively. Data were stored in cycles of 4×106 and 1.2×107 registered
events per cycle for 10B and Cd measurements, respectively.
Table 4.7 Measurement runs in the transmission experiment with MINERVE samples doped
with silver and with a sample made of UO2 matrix.
Sample Fixed black resonance filters Anti-overlap filter Sample position
AG9C1 Na, Co 10B/Cd IN/OUT
AG9C2 Na, Co 10B/Cd IN/OUT
AAG Na, Co 10B/Cd IN/OUT
MAG Na, Co 10B/Cd IN/OUT
UNC Na, Co 10B/Cd IN/OUT
4.3 Data reduction
The list mode data, collected by the DAQ2000 software for each measurement cycle, was
further processed with the AGL package software [85]. The AGL package transforms the
list mode data into TOF and pulse height histograms and produces all necessary information
to derive the experimental observables from the spectra. It processes only the data from the
cycles that were previously selected by Data Sorter or RoRF software. The TOF spectra is
compressed with the predefined accordions to fit the 32 K channel spectra with the acceptable
time resolution that maps well the resonances in the spectra. Discrimination levels are
introduced at the pulse height spectra to select the events that correspond to the reactions of
interest (i.e. reactions that correspond to neutron or capture response in the detector). In case
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Fig. 4.3 Sample holder, used for the transmission measurements with cylindrical MINERVE
samples. Samples are positioned in the neutron beam vertically.
of the capture experiment, the AGL also takes into account the energy calibration function
that relates the channel in pulse height spectrum with the γ-equivalent energy and applies the
weighting function to response of the C6D6 detectors.
To derive the experimental observable (i.e. experimental transmission and capture yield)
the data reduction process was carried out using the AGS (Analysis of Geel Spectra) code [86],
developed at the EC-JRC-Geel. The AGS code includes all arithmetic operations of spectra
and the most important data reduction procedures, such as dead-time corrections and least
squares background subtractions. It propagates both correlated and uncorrelated uncertainties,
starting from the uncorrelated uncertainties due to counting statistics. The full covariance
information after each operation is stored in a concise, vectorized way. The AGS formalism
results in a substantial reduction of data storage volume and provides a convenient structure
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to verify the various sources of uncertainties through each step of the reduction process. The
input data for AGS data reduction is prepared by the AGL code.
In this section, the data reduction steps performed to build the experimental transmission
and capture yield spectra of natAg measurements will be presented. In the last part, operations
to build the transmission spectra obtained from the measurements with MINERVE samples
will be discussed.
4.4 Data reduction-Transmission with natural silver discs
To recall, the experimental transmission Texp as a function of TOF is obtained from the ratio
of the sample-in Cin(t) and sample-out Cout(t) counting TOF spectra, after subtracting their
background contributions Bin(t) and Bout(t), respectively, as given by Eq. (7.3).
In the AGL software, we selected the TOF events that occur due to the (n,α) reaction in
the Li-glass detector. This was done by selecting the energy window of the (n,α) peak in the
amplitude spectra.
4.4.1 Dead-time correction
First operation applied in AGS is the dead-time correction of the counting spectra. For
a fixed dead-time of the detection system, created by the Data acquisition system of the
transmission experimental setup, the dead-time correction can be approximated with a
Moore’s formula [87]. In case of a stable neutron beam, the corrected counts Nc(i) in channel






where N0(i) are the detected counts in channel i and Nb is the total number of accelerator
pulses. It has been shown that bias effects due to the dead-time are lower than 0.3 % when
dead-time corrections are smaller than a factor 1.3, variations of beam intensity is less than
15 % and uncertainty of the dead-time is ≤ 0.25 % [3].
Below 2.8 keV , which is the energy of the resonance dip due to the presence of the Na
black resonance filter, the dead-time correction was less than 5 % (Fig. 4.4).
The dead-time corrected sample-in and sample-out spectra are then normalized to the
TOF bin width and to the integrated count rate of the CM3 monitor, and then shifted in the
TOF axis to account for the time-offset.
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Fig. 4.4 Dead-time correction of the transmission sample-in spectra of the measurement with
the thin Ag 0.126 mm sample.
4.4.2 Background
Background is one of the main sources of uncertainty in the transmission measurement. Its
origin strongly depends on the neutron facility characteristics, neutron source and detectors
used for the experiment [3]. In the past, several studies were performed to identify and
quantify sources of the background.
In a transmission experiment at the moderated neutron beam, the total background is a
sum of several TOF dependent contributions and a time independent contribution. It can be
approximated by analytical expressions as function of TOF by applying the black resonance
technique:
B10B(t) = b0+b1e
−λ1t +b2e−λ2t +b3e−λ3(t+τ0), (4.4)
and
BCd(t) = b0+b1e−λ1t +b2e−λ2t, (4.5)
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for the transmission measurements with 10B and Cd anti-overlap filter, respectively. Eq.
(7.4) consists of a time independent and three time dependent exponential terms. The time
independent component b0 is related to the ambient radiation and background contributions
that have lost time correlation. The first time dependent component is due to 2.2 MeV γ-rays
resulting from neutron capture in hydrogen present in the moderator, which was shown by
Monte-Carlo simulations and confirmed by the measurements with polyethylene filters in
the beam to be an exponential function of TOF [3]. The second exponential term is due to
neutrons scattered inside the detector station and neutrons scattered at other flight paths, and
the last one arises from slow neutrons coming from previous accelerator pulses.
The decay constants λ1 and λ2 were derived from transmission data measured with
additional black resonance filters, while λ3 was obtained by extrapolating the TOF spectra at
the end of the spectrum, i.e. for t > 8×105 ns. The parameter τ0 is related to the operating
frequency of accelerator (τ0 = 1.25 ms for 800 Hz).
Fig. 4.5 shows the TOF spectra from the measurements with the black resonance filters,
after the dead-time reduction and normalization to integrated count rate of the CM3 monitors,
together with the total background and its contributions. Due to the presence of Rh filter
(103Rh resonance at 1.3 eV) it was hard to obtain λ3 constant from the exponential fit to the
tail of spectra. For this reason an average value of λ3 was derived from the tails of sample-in
and sample-out spectra of the measurements with natAg samples, i.e. measurements without
additional black resonance filters in the low energy region. Keeping λ3 fixed, λ1 and λ2
were then free parameters in the least-square fit of the Eq. (7.4) to the TOF regions of black
resonances of Na, Cu, Co, W, Ag and Rh.
In a sample-in and sample-out spectra resulting from the measurements with metallic
discs of silver, the amplitude b3 was derived from the tail of the spectra, while the amplitudes
b1 and b2 were adjusted to the black resonance dips due to the presence of a sodium and
sulfur filter, and the black resonance of 109Ag at 5.2 eV . It has been shown that applying
such a procedure the background model uncertainty can be reduced to less than 3 % [3]. An
example of a sample-in and sample-out spectra on the Ag 0.126 mm measurement with the
10B anti-overlap filter is shown in Fig. 4.6 together with their total background contributions.
The black resonance technique is also applied for the measurements with a Cd filter
present in the beam. The background for these measurements was approximated by Eq.
(4.5). It is assumed that all overlap neutrons below the cadmium cut-off energy at around
0.5 eV are absorbed and for this reason the overlap component is neglected. Measurements
with the Cd anti-overlap filters are performed due to the better counting statistics in the low
energy region (higher TOF region) comparing to the one performed with the 10B filter. The
drawback of Cd filter is that Cd resonances can overlap with the resonances of the measured
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Fig. 4.5 TOF spectra with the black resonance filters, i.e. Na, Cu, Co, W, Ag and Rh, and the
anti-overlap 10B in the neutron beam, together with the total background and its contributions.
isotope. On the other hand, 10B has a smooth energy dependent total cross section. For this
reason a sequence of measurements with the 10B and Cd filters is preferred. An example of a
sample-in and sample-out spectra on the Ag 0.126 mm measurement with the Cd anti-overlap
filter together with their backgrounds is shown in Fig. 4.7.
For the measurement with 0.126 mm thick natAg sample, the first 109Ag resonance at
5.2 eV in sample-in spectra is black and can be used as a least-square fit region for the
background estimation. In case of the 0.06 mm thick natAg sample, the 5.2 eV resonance
is not black but is very close to it (i.e. transmission level T ∼ 0.01), which means that the
signal to background ration is close to unity. In addition, there are no other black resonances
below 132 eV to use them as fitting regions for the background analytical function. The
approach to determine the background used here was to keep the ratio b1/b2 from the
sample-in measurement with 0.126 mm thick natAg sample approximately constant. The
same approach was used also for the sample-out measurements. The influence of background
on the resonance parameters of 109Ag isotope at 5.2 eV will be shown in Chapter 5, where












































Fig. 4.6 TOF count rate spectra of transmission sample-in (left) and sample-out (right)
measurement with 10B anti-overlap filter obtained with Li-glass detector. Data for 0.126 mm











































Fig. 4.7 TOF count rate spectra of transmission sample-in (left) and sample-out (right)
measurement with Cd anti-overlap filter obtained with Li-glass detector. Data for 0.126 mm
Ag metallic disc sample is compared with the total background.
Final experimental transmission was obtained from the sample-in and sample-out spectra
corrected for their background contributions by using Eq. (7.3). An example of the transmis-
sion TOF spectra resulting from the measurements with 0.126 mm thick natAg sample with
the 10B and Cd anti-overlap filters is shown in Fig. 4.8.
4.5 Data reduction: Capture with natural silver discs
The quantity obtained in data reduction of a capture experiment is the experimental capture
yield, given by Eq. (7.6).
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Fig. 4.8 Transmission spectra of the 0.126 mm thick natAg sample, measured with the 10B
(black dots) and Cd (red dots) anti-overlap filters. Transmission is given together with the
final 1σ uncertainty. Missing part of the spectra at 132 eV is due to the black resonance of W.
The “spikes” in the transmission spectra with Cd filter are due to the resonances of natCd.
The AGL software was used to produce the pulse height and TOF spectra from the list
mode files. For the capture events, measured by each C6D6 detector, the energy calibration
of pulse height spectra and application of the weighting function were also included in the
AGL processing.
To do the energy calibration, we first had to relate the peak position in the Compton
continuum (Lmax) to the position of the Compton edge (Lc), for each calibration source. This
can be done by relating the position of L1/2 (i.e. a position that corresponds to the half-height
of Lmax) to the position of Lc [88]. The empirical relation is obtained from L1/2 = 1.03Lc.
This method is demonstrated on the example of pulse height spectra of 232Th calibration
source, shown in Fig. 4.9.
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Fig. 4.9 Pulse height spectra of the 232Th calibration source with the position of Compton-
edge Lc. The response of both C6D6 detectors, denoted with ADC1 and ADC2, is shown.
A relation between the emitted γ-ray energy Eγ and the Compton-edge energy Ec for







where mec2 = 0.511 MeV . Theγ-ray energies and the Compton-edge energies for the sources
used are given in Table 4.8.
A relation between the channel ch and the calibration energy Ec in the pulse height
spectra is given through relation
Ec = a0+a1(α× ch)a2 , (4.7)
where a0, a1 and a2 are the fitted parameters. The ratio between the 232Th Compton-edge
position during the first measurement run and the one during each next run is denoted by α.
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Table 4.8 Energies of the γ-rays and their corresponding Compton-edge energies for the
calibration sources used in this work.




238Pu+13 C 6130 5885
4.5.1 Application of the weighting function
The pulse height weighting technique was applied by weighting the time information provided
by the C6D6 detectors according to its pulse height amplitude. This resulted in the detector
efficiency being proportional to the total γ-ray emitted in the cascade.
The weighting function was obtained by following the procedure of Borella et al. [4]. The
response functions of the C6D6 detector for mono-energetic γ-rays were calculated by Monte-
Carlo simulations, for each sample. Only the photon and electron transport in the sample and
detection system was simulated, while the production and propagation of the scintillation
light was not modeled. The final response function can be expressed as a convolution of
two components. One component is the simulated response, which describes the transfer
of γ-ray energy in the electron energy. The second component describes the transfer of
electron energy into observed signal and is approximated with a Gaussian distribution. The
parameters of the Gaussian distribution are the function of electron energy and are obtained
from a comparison of the experimental response for well known mono-energetic γ-rays with
the convolution of simulated response and the Gaussian function. The weighting function












where EL is the lower limit due to the finite experimental discrimination level below which it
is in practice impossible to record due to the noise. The lower limit was set to EL = 200 keV .
For each silver sample and the gold sample a set of eight parameters ai was obtained






Negative powers (up to order −3) were included in Eq. (4.9) in order to properly account
for the γ-ray transport in the sample. In Fig. 4.10 the weighting functions for our capture
detection system and different samples are presented. Abrupt increase of the weighting
function in the low energy region is due to the finite discrimination value. The list mode





















Fig. 4.10 Calculated weighting functions of the C6D6 scintillation detector for the homoge-
neous emission of γ-rays from the metallic silver discs of different thicknesses and from the
gold sample.
files of capture events contain information in form of time×amplitude matrix, which is then
weighted in the AGL software by the introduced weighting function. Comparison between
the weighted and unweighted response of C6D6 detectors for a 0.25 mm thick sample is
shown in Fig. 4.11.
4.5.2 Dead-time-correction
Response of the capture detectors and the neutron fluence rate were corrected for the dead-
time, by applying Eq. (4.3). In the energy region below the black resonance of sulphur at
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Fig. 4.11 The weighted and unweighted response of C6D6 detectors together with their ratio
for example of a 0.25 mm thick sample.
102 keV , maximum corrections of 3 % and 1 % were applied to the capture and the neutron
fluence rate rate spectra, respectively (Fig. 4.12).
Fig. 4.12 Dead-time correction of the capture spectra of the measurement with the Ag 0.06 mm
sample (left) and the fluence rate rate spectra (right).
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4.5.3 Capture response-background
Weighted and dead-time corrected responses of two C6D6 detectors were summed, normal-
ized to the same neutron intensity and to the TOF bin width. The TOF was shifted to account
for the time-offset.
In next step, sample spectra Cγ,w(t) was corrected for the total background Bγ,w(t), which
is described by





In Eq. (7.7), b0 is a time independent contribution coming from ambient radiation and a
potential contribution due to neutron activation in the sample, and Cγ,w,0(t), Cγ,w,Pb(t) are
weighted spectra of the measurements with only a sample holder and with a 208Pb sample in
the neutron beam, respectively. They are both normalized to the same neutron intensity and
corrected for the time independent background. The contribution Cγ,w,0(t) is time-dependent
and is independent of the sample. The contribution Cγ,w,Pb(t) is measured to account for
mainly neutrons that are scattered by the sample creating a capture event in the detection
system. The presence of the sulfur black resonance filter strongly reduces the contribution
of in-beam γ-rays scattered by the sample. The weighting functions used to derive Cγ,w,0(t)
and Cγ,w,Pb(t) are the same as the ones for the silver samples. The term Rn(t) is the ratio of
the neutron scattering yield of the natAg and 208Pb samples and it was calculated from the
theoretical scattering yields of natAg and 208Pb with the scattering and total cross sections
calculated using JEFF-3.2 resonance parameters. The factors k1 = 1.00 (3) and k2 = 1.00 (5)
account for the uncertainties due to the systematic effects in the background model [3].
These uncertainties are based on a comparison of the background given by Eq. (7.7) and
the background dips present in TOF spectra due to the fixed black resonance filters (i.e. S
and Na). The weighted response of C6D6 detectors for a 0.25 mm thick Ag sample and its
background contributions are shown in Fig. 4.13.
4.5.4 Neutron fluence rate spectra-background
For the TOF spectra resulting from the neutron fluence rate measurements a similar procedure
as in the transmission data reduction, was applied. A double sided ionization chamber was
used for the measurements. Both sides of the chamber were used to detect the neutrons,
which resulted in two TOF spectra. Both spectra were then aligned by shifting them using
the dip in spectra caused by the 30.38 keV resonance of the S filter. Due to the difference
in position of the ionization chamber and the capture sample, the TOF spectra were shifted
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Fig. 4.13 The weighted response of C6D6 detectors as a function of TOF for a 0.25 mm thick
Ag sample and the determined background with its different components.
to the capture flight path length. Again, the TOF of 30.38 keV resonance was used as a
reference to shift the spectra. A small difference in the areal number density of 10B layers
(∼ 5.5 %) was taken into account when summing two TOF spectra from the measurement of
the neutron fluence rate.
The background correction for the neutron fluence rate measurements Bϕ(t) was deter-
mined by approximating it with an analytical function. The parameters in the analytical
function are adjusted with a least squares fit using the resonance dips of black resonances.
The analytical function used is similar to the one used in transmission (Eq. (7.4)). It consists
of a time independent component a0 and two exponential components coming from the
scattered neutrons and overlap neutrons. The main difference is that the exponential term
due to the detection of 2.2 MeV γ-rays is neglected:
Bϕ(t) = a0+a2e−λ2t +a3e−λ3(t+τ0). (4.11)
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The overlap decay constant λ3 was determined from the end of the spectrum, i.e. for
t > 8× 105 ns, while λ2 was derived from the neutron fluence rate data measured with
additional black resonance filters (i.e. Co, W and Ag). The neutron fluence rate TOF spectra
























Fig. 4.14 The TOF spectra of a measurement with a 10B ionization chamber together with
the total background and its contributions.
4.5.5 Normalization
The experimental capture yields for measurements with the silver samples were internally
normalized using the yield of the saturated resonance of 109Ag at 5.2 eV . Applying an
internal normalization significantly reduces the uncertainty due to systematic effects such as
the position of the sample with respect to the neutron beam and detection system, sample
thickness and variations of the detector and accelerator conditions. In addition, in case a
resonance is used for which Γn ≪ Γγ (i.e. Γn/Γγ ≈ 10−1 for 109Ag at 5.2 eV) the normalization
is nearly independent of the resonance parameters.
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The normalization factor was derived by a least squares adjustment to the data using the
resonance shape analysis code REFIT. Only the normalization factor was considered as a free
parameter in the fit. Results of such a fit are shown in Fig. 4.15. The fit region was limited to
the saturation region of the 109Ag resonance. The structure observed at the top of the saturated
resonance is due to the neutrons captured after one or more scattering in the sample. This
correction needs to be taken into account in the REFIT calculation of theoretical capture yield.
For the 0.06 mm thick Ag sample, the 5.2 eV resonance was not saturated. The normalization
factor for this sample was obtained from the analysis of the 5.2 eV resonance profile fixing
the resonance parameters recommended in the JEFF-3.2 library. The normalization factors
obtained from the analysis of the 5.2 eV resonance were compared with the one derived
from the 4.9 eV saturated resonance profile from measurements with the 197Au sample. The
efficiency to detect the capture event, given by Eq. (3.23), was taken to be proportional to
the neutron separation energy of the isotope (Table 4.9). The energy dependence (i.e. En)
is negligible and was neglected. For the sake of consistency in the REFIT calculation of
capture yield, the detection efficiency for each isotope k was defined as the ratio of its neutron
separation energy and the one of 197Au, i.e. S n,k/S n,197. A good agreement between the
normalization factors was obtained. Their ratios are given in Table 4.10.
Table 4.9 The neutron separation energies S n for the 107,109Ag+n and 197Au+n system, as
given in [6].




Table 4.10 Normalization factors deduced from the capture measurements of silver samples
relative to the one from the 197Au sample. The quoted uncertainties are only the statistical
uncertainties given by the fitting program.
Sample Thickness [mm] Nc/Nc,Au
natAg 0.25 1.007 (5)
natAg 0.126 1.011 (5)
natAg 0.06 1.009 (4)
197Au 0.5 1.000 (2)
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Fig. 4.15 Results of a fit to the data using REFIT. The saturated resonance profile of the
5.2 eV resonance of 109Ag was used to determine the normalization factor.
After the data reduction steps mentioned above, the experimental capture yield Yexp as
a function of TOF was derived for each silver sample. An example of the capture yield
resulting from the measurement with 0.25 mm thick silver sample is given in Fig. 4.16.
The capture yield and transmission spectra from the measurements with natural silver
samples were in the next step used for the resonance shape analysis in order to obtain new
resonance parameters of the silver isotopes 107Ag and 109Ag below 1 keV .
4.6 Data reduction-Transmission with MINERVE samples
Transmission experiment with the metallic silver discs was performed in a good transmission
geometry. On the contrary, condition of a good transmission geometry in the transmission
experiment with the MINERVE samples is not fulfilled due to the specific geometry of the
MINERVE samples. A scheme of the MINERVE sample positioned perpendicularly to the
neutron beam is shown in Fig. 4.17. There are two contributions that were considered in the
data reduction and analysis of the experimental data. One needs to take into account the void
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Fig. 4.16 Experimental capture yield Yexp as a function of TOF, obtained from measurements
with the 0.25 mm thick silver sample. The Yexp is given together with the final uncertainty
resulting from the uncorrelated uncertainty due to the counting statistics and contributions
creating a correlated contribution to uncertainty (i.e. normalization, background, etc...).
fraction α, i.e. a fraction of the neutrons that pass next to the sample and are detected inside
the Li-glass detector. Shape and the depth of the resonances in transmission spectra strongly
depends on the geometrical shape, i.e. cylindrical shape in the direction of x-axis as shown
in Fig. 4.17.
In principle, one could also choose the collimation that results in the neutron beam and
sample having the same diameter. This way, all the incoming neutrons pass through the
sample and only geometry of the sample needs to be considered. In a real experiment, the
incoming neutrons have a density distribution in the radial direction with somehow blurred
edges. Therefore, it is hard to adjust the edge of the neutron beam to the edge of the sample.
In order to ensure that neutrons pass through the entire range of the sample diameter, we
decided to have the beam diameter larger than the sample diameter (i.e. outer diameter of the
2nd cladding).
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Fig. 4.17 Schematic presentation of the MINERVE sample in the neutron beam. On the left
we emphasize the void fraction α. The right scheme points out the geometrical characteristics
of the sample, i.e. the areal number density distribution in the x-axis due to the cylindrical
shape of the sample.
The problem was split in two parts. In the data reduction part we investigated and
quantified the void fraction, and at the end we obtained the transmission spectra corrected for
the void fraction. Cylindrical geometry of the MINERVE sample was taken into account in
the resonance shape analysis, using the REFIT code. In this section the data reduction will
be discussed.
In the first part of the data reduction, the same approach was used as for the data reduction
of counting spectra from the transmission measurements with standard samples. A sample-in
and sample-out counting TOF spectra were corrected for the dead-time, normalized to the
TOF bin width and to the integrated count rate of the neutron fluence rate monitor CM3.
They were also shifted for the time-offset.
4.6.1 Void fraction α
Void fraction α is a constant value and is observed in the sample-in TOF spectra as an increase
of the spectra level. An example of the sample-in spectra from the transmission measurement
with the AG9C1 sample is shown in Fig. 4.18. From this figure we can see that some of the
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resonances that appear due to the isotopes in the sample (i.e. the 109Ag resonance at 5.2 eV
and 238U resonances at 6.67 eV , 20.9 eV , 36.7 eV) are black. This means that all the neutrons
are absorbed at energies of these resonances. On the other hand, the transmission level of
black resonances due to black resonance filters in the spectra (i.e. Na and Co) appears lower
as black resonance filters fully cover the neutron beam. The difference in transmission level
is then due to the the void fraction at the sample position.
Fig. 4.18 An example of the sample-in spectra from the transmission measurement with
the AG9C1 sample, using a 10B anti-overlap filter. Resonance dips at 2.85 keV and 132 eV
are due to the presence of black resonance filters Na and Co, respectively. Other indicated
resonances, i.e. 238U and 109Ag, come from the sample and are also black, but with higher
transmission level. Total background Bin(t) is indicated with the red curve.
We recall that the expression used to obtain the experimental transmission for disc
samples:




To account for the α value, a new experimental transmission expression Texp,M was derived.
Texp,M as a function of TOF can be expressed as:
Texp,M(t) = NT
[Cin(t)−Bin(t)]−α [Cout(t)−Bout(t)]
(1−α) [Cout(t)−Bout(t)] . (4.13)
The α value can be quantitatively obtained from the experimental transmission, from the
dips of black resonances due to the sample isotopes. At the bottom of black resonance all the
neutrons are absorbed, so the transmission level should reach a zero level. If we apply this
condition to Eq. (7.9), we can express α as:
αTexp,M=0 =
Cin−Bin
Cout −Bout . (4.14)
This is exactly the depth level of black resonances in the transmission spectra calculated with
Eq. (4.12). Therefore, all the black resonances due to the sample isotopes should have the
bottom of transmission level at α value, if expressed with Eq. (4.12).
• AG9C1, AG9C2 and UNC samples
Three of the samples, i.e. AG9C1, AG9C2 and UNC sample, are made of the UO2
matrix and have black resonances of 238U at 6.67 eV , 20.9 eV and 36.7 eV . The resonance
at 6.67 eV has a wide plateau at the bottom of transmission dip and is the most suitable for
extracting the α value. We calculated α as the weighted average of α-s in the TOF region at
the bottom of black resonance at 6.67 eV by using Eq. (7.9).
The total background was obtained by applying the black resonance technique. Back-
ground was approximated with Eq. (7.4) and Eq. (4.5) for the measurements with 10B and





When applied to the sample-in spectra, artificial spectra from Eq. (7.10) passes through the
bottom of black resonances due to the presence of black resonance filters and nuclides in the
sample, if Bin(t) and Bout(t) functions are well determined. This technique is convenient in
the low energy part of the MINERVE spectra (i.e. below the Co black resonance at 132 eV),
where the only black resonances are the black resonances due to the nuclides in the sample.
An example of artificial spectra β(t), applied to sample-in spectra from the measurement with
the AG9C1 sample, is given in Fig. 4.19.
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In the determination of an analytical functions that describe the background, λ1 and λ3
were kept constant for all the spectra. In case of the decay component λ2, some variations
of the value were needed from sample to sample to achieve a good agreement between the
sample-in spectra and the β(t) function at the bottom of black resonances. We observed that
for the fixed α, the change of λ2 on the same order of magnitude influences mostly the bottom
of transmission dips in very low energy region, i.e. around the 109Ag resonance at 5.2 eV and
238U resonance at 6.67 eV . Therefore, the resonance analysis of MINERVE transmission
spectra in this region was performed with caution.
Fig. 4.19 Sample-in TOF spectra of the measurement with AG9C1 sample is shown together
with the artificial spectra β(t). Measurement was performed with a Cd anti-overlap filter.
Orange points indicate the black resonances that were used to determine the background.
AG9C1 and AG9C2 sample have the same geometrical characteristics, which should in
principle result in the same void fraction in their sample-in spectra. Average α = 0.3412 (27)
was calculated from the α-s obtained from sample-in spectra of AG9C1 and AG9C2 con-
sidering only measurements with the Cd filter (Table 4.11). Measurements with Cd anti-
overlap filter were chosen due to better statistics in the low energy part of spectra. Finally,
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α = 0.3412 (27) was used for expressing transmission with Eq. (7.9). The same void fraction
was used also for the spectra of UNC sample.
An example of the AG9C1 transmission spectra Texp,M(t) calculated with Eq. (7.9) is
given in Fig. 4.20. It shows the very low energy region with black resonances of 109Ag at
5.2 eV and 238U at 6.67 eV . Transmission is calculated also with the standard transmission
expression using Eq. (4.12). Their difference at the bottom of black transmission resonances
is exactly the void fraction α.
Fig. 4.20 Transmission spectra of the AG9C1 sample in the energy region of the 109Ag and
238U resonances at 5.2 eV and 6.67 eV , respectively. Transmission is calculated with both,
Texp(t) (black) and Texp,M(t) (red) expressions. Void fraction is the difference of transmission
levels at the energies of black dips.
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• AAG and MAG sample
In the transmission spectra of the MINERVE samples, named AAG and MAG, there are
no 238U resonances that could be used to extract the void fraction. AAG and MAG samples
contain natural silver with the very strong resonance of 109Ag at 5.2 eV , which reaches the
transmission level in the order of 10−3 at the bottom of resonance. This transmission level
was not sufficiently low to extract the α value. However, the AAG sample has almost identical
geometrical characteristics as the AG9C1, AG9C2 and UNC sample. Therefore, we decided
to apply the same alpha value (α = 0.3412).
Liquid MAG sample is larger than the other samples, which results in a smaller void
fraction. In this case, the α value was obtained from the best agreement between the theoreti-
cal transmission curve calculated with the REFIT code and the experimental transmission
calculated with Eq. (7.9). Only low energy region around 5.2 eV resonance of 109Ag was
used for comparison. In the REFIT calculation, cylindrical shape of the sample was taken
into account. Only measurement with the Cd anti-overlap filter was considered in calculation.
Table 4.11 Void fraction-α values. For AG9C1, AG9C2, UNC and AAG sample we used
an average α that was obtained from the bottom of 238U resonance at 6.67 eV , considering
sample-in spectra of the AG9C1 and AG9C2 from the measurements with Cd anti-overlap
filter. The α value for MAG sample was obtained from the best comparison between the
experimental data and REFIT calculation.







αAG9C1,AG9C2 (Cd) = 0.3412 (27)
MAG 10B, Cd 0.3237
4.6.2 Results: Transmission spectra
Final transmission spectra for all the MINERVE samples are shown in Fig. 4.21-4.24. TOF
spectra covers the energy region below the Co black resonance (i.e. 1 eV-132 eV) and
between the Co and Na black resonances (i.e. 132 eV-1.6 keV). In the lower energy region,
spectra from the measurements with Cd anti-overlap filters are shown. In the higher energy
region only spectra from the measurements with 10B anti-overlap filter are presented.
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Most of the transmission dips in the AG9C1, AG9C2 and UNC transmission spectra
(Fig. 4.21-4.22) are due to the presence of 238U (blue arrows) in the sample matrix. All of
these spectra also contain resonances of 91Zr (green arrows) and 96Zr (maroon arrows). Zr
is contained in a double Zy−4 cladding, used to enclose the sample pellets. Enrichment in
the silver isotope 109Ag (orange arrows) is higher in the AG9C1 sample than in the AG9C2
sample, which results in wider and deeper dips in the transmission spectra. The UNC sample
does not contain any silver. In all spectra, one can observe small resonances of 235U and few
small resonances due to the presence of 116S n, 117S n and 118S n. We observed also some
resonances that could not be attributed to any nuclide reported by the manufacturer analysis.
The most visible “unknown” resonances are the ones at 4.1 eV and 18.8 eV , encircled with
the red color. The strength of these resonances in each sample is different. We will see in
next chapter, that the presence of these resonances is due to the contamination of samples
with natW.
In transmission spectra of the AAG (Fig. 4.23) MAG (Fig. 4.24) sample most of the
resonance structures arise because of the silver content. Silver is doped to the samples as
natAg, so both, 107Ag (violet arrows) and 109Ag resonances can be observed. Due to at least
one Zy− 4 cladding, both transmission spectra contain 91Zr and 96Zr resonances. In the
AAG transmission spectra we can also observe resonance due to the presence of natW. In the
MAG sample, there is a 55Mn resonance at 341 eV , due to the content of aluminum cladding
C2.
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Fig. 4.21 Experimental transmission as a function of TOF for AG9C1, AG9C2 and UNC
sample, below the Co black resonance at 132 eV . Resonances denoted with blue are due
to 238U and 109Ag resonances are marked with the orange arrows. Resonance due to the
presence of natW are encircled.
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Fig. 4.22 Experimental transmission as a function of TOF for AG9C1, AG9C2 and UNC
sample. Spectra shown in the plot covers the resonance region between the Co and Na black
resonances, i.e. between 132 eV and 1.6 keV . Resonances denoted with blue are due to 238U
and 109Ag resonances are marked with the orange arrows. Resonance due to the presence of
91Zr and 96Zr are denoted with green and maroon arrows, respectively.
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Fig. 4.23 Experimental transmission as a function of TOF for AAG sample. Spectra covers
the energy region between 1 eV and 1.6 keV . Sample is contaminated with natW.
Fig. 4.24 Experimental transmission as a function of TOF for MAG sample. Spectra covers





Resonance analysis of Transmission and
Capture spectra
In the first part of this chapter we analyze the transmission and capture data from the
measurements with natural silver discs. Improved resonance parameters (i.e. resonance
energy E, neutron width gΓn and radiation width Γγ) of 107Ag and 109Ag up to 1 keV were
obtained by fitting the theoretical curves to experimental data with the resonance shape
analysis code REFIT. In the second part we investigate the possibilities to extract resonance
parameters from the transmission spectra of MINERVE samples. A new analytical model for
transmission was implemented in the REFIT code to account for the cylindrical geometry
of the MINERVE samples. Some of the MINERVE samples are made of UO2 matrix and
therefore contain 238U. 238U has well known resonance parameters in the low energy part
and was important for our analysis due to several reasons. As we have already seen in the
Data reduction part, the bottom of black 238U resonances in the low energy part can be used
to determine the background. In the REFIT analysis, the resonances of 238U were also used
to determine the flight path length and the analytical response function of 10.9 m station at
flight path 13. Model parameters, such as effective sample and beam radius, were adjusted
to the shape of 238U at 80.7 eV . Resonance parameters of 107Ag and 109Ag obtained in this
work and 238U resonance parameters reported in JEFF-3.3 library were used to verify the
sample composition of the MINERVE samples with the NRTA method. Contamination with
tungsten was discovered from the transmission spectra of MINERVE samples made of UO2
and Al2O3 matrix.
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5.1 Resonance shape analysis code REFIT
The resonance shape analysis code REFIT was used to derive the nuclear resonance param-
eters and the experimental parameters by a least squares adjustment to the experimental
transmission and capture yield. The REFIT code is based on the Reich-Moore approximation
of the R-matrix theory and accounts for various experimental effects like self shielding,
multiple-interaction events, γ-ray attenuation in the sample, Doppler broadening and re-
sponse function of the spectrometer. A least squares adjustment to the experimental data is










where zexp(t) is the experimental observable, zM(t, θ⃗) is the theoretical estimate, Vzexp is
the covariance matrix of experimental data and θ⃗ is a set of model parameters. The model
parameters θ⃗ = (η⃗, κ⃗) include reaction model parameters η⃗ (i.e. resonance parameters) and
experimental parameters κ⃗ (i.e. sample thickness, temperature, flight path length, response
function...). REFIT only takes into account the diagonal term of matrix Vzexp . It minimises









where uzexp is the uncertainty on zexp. The quality of the adjustment can be verified by
using the χ2 per degree of freedom χ2/ν. The χ2/ν value approaches unity when the data is
adequately described.
The theoretical estimate zM(t, θ⃗) is a result of folding the theoretical observable z′M(E, η⃗, κ⃗)
with the response function R(t,E, κ⃗) due to the finite resolution of a TOF spectrometer:
zM(t, η⃗, κ⃗) =
∫
R(t,E, κ⃗)z′M(E, η⃗, κ⃗)dE (5.3)
The response function of the spectrometer can be either calculated with the analytical
expressions implemented in REFIT or determined using Monte-Carlo simulations. In this
work, analytical response functions were used. The theoretical curves, i.e. z′M(E, η⃗, κ⃗), for
transmission and capture yield are given, respectively, by:














In Eq. (5.4), nk and σtot,k are the areal number density and Doppler broadened total cross
section of nuclide k, respectively. In Eq. (5.5), Y0,k and Ycm,k are the primary and multiple-
interaction events for the neutron induced capture reaction with the nuclide k. Correction
factors Fc0,k and Fcm,k are introduced to account for the escape probability of the γ-rays. The
Fc0,k is introduced to correct for the γ-ray attenuation for primary yield events. For natural
silver samples, the γ ray attenuation was already taken into account in the calculation of
weighting function, which assumes homogeneous distribution of γ rays. Since the γ-ray
attenuation strongly depends where the capture reaction takes place in the sample, it depends
on the total cross section, and therefore, also on the strength of the resonance. A correction
factor Fc0,k, depending on the product of areal density and total cross section, is applied in
REFIT. In our case, the silver samples were so thin that the attenuation of γ-ray is rather
small, so the position of capture reaction is not so important. Therefore, no correction was
needed. Multiple-scattering events (i.e. Ycm,k) are mostly supposed to be homogeneously
distributed in the sample, so Fcm,k = 1. The relative efficiency factor ϵ′c,k is usually introduced
as the ratio between the separation energy of the isotope and the separation energy of the
reaction, used to normalize the experimental yield. Neutron sensitivity was not included in
the analysis as it is only of importance for large s-wave resonances with neutron width much
larger than the radiation width. For the silver isotopes 107Ag and 109Ag, the neutron widths
are smaller than the radiation widths.
5.1.1 Experimental input parameters
• Doppler broadening
Cross sections in theoretical expressions for transmission and capture yield are Doppler
broadened, using the ideal free gas model with an effective temperature Te f f for the given
element. The effective temperature is obtained from the sample temperature and the Debye
temperature using Eq. (2.43). Different values of the Debye temperature for natural silver
and the nuclides in the MINERVE samples are reported in the literature. The average of
experimental and calculated Debye temperatures of different origin (given in Table 5.1)
were used for the calculation of Te f f . Variations of the sample temperature during the
measurements due to the temperature variations at the measurement station were also taken
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into account and the weighted average sample temperature for each sample was used in the
calculation of Te f f (Table 5.2 and 5.3).
Table 5.1 Debye temperatures for the elements in silver metallic discs and MINERVE




θD [K]Phillips [89] Ho et al. [90] Ashcroft and Mermin [91] Gao [92] Feranchuk [93] Kittel [94]
Ag 227.3 221 215 205 192 225 214.5 (135)
Au 162.3 178 170 165 191 165 177.9 (109)
U 248 300 210 206 207 207 229.7 (381)
Zr 290 250 250 251 323 291 275 (304)
W 383 312 310 330 385 400 353.3 (405)
S n 199 254 170 171 / 200 198.8 (341)
Mn 409 363 400 / / 410 395.5 (221)
Table 5.2 Effective temperatures for each metallic silver sample and experiment (i.e. trans-
mission (T) and capture (C)), calculated from the weighted average sample temperatures
Tsam and average Debye temperatures θD from Table 5.1.
Sample, experiment Tsam [K]
Te f f [K]
Ag Au
natAg (0.126 mm), T 292.5 (3) 299.9 (9) 296.4 (9)
natAg (0.06 mm), T 293.0 (3) 300.3 (9) 295.9 (6)
natAg (0.25 mm), C 291.4 (6) 299 (1) 297.3 (3)
natAg (0.126 mm), C 290.8 (2) 298.1 (9) 297.6 (6)
natAg (0.06 mm), C 292.3 (1) 299.6 (9) 298.1 (1)
Table 5.3 Effective temperatures for each MINERVE sample, calculated from the weighted
average sample temperatures Tsam and average Debye temperatures θD from Table 5.1.
Sample, experiment Tsam [K]
Te f f [K]
Ag U Zr W S n Mn
AG9C1, T 288.3 (9) 299.3 (9) 296.8 (29) 300.6 (28) 308.3 (46) 294.7 (24) 313.3 (29)
AG9C2, T 291.6 (8) 295.7 (13) 300.1 (29) 303.8 (28) 311.4 (46) 297.9 (23) 316.4 (28)
AAG, T 291.9 (4) 298.9 (12) 300.4 (28) 304.0 (27) 311.7 (45) 298.3 (22) 316.6 (27)
MAG, T 289.2 (8) 296.6 (12) 297.7 (29) 301.4 (28) 309.1 (46) 295.5 (23) 314.1 (29)
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• Flight-path length
The flight path length of 10.9 m transmission station at FP13 (L = 10.860 (1) m) was
determined from the transmission dips of several well-known 238U resonance energies up to
1 keV . The 238U resonances were present in the transmission spectra of MINERVE samples
made of UO2 matrix. The flight path length, together with the time-offset, was used to
determine the energies of silver resonances. Silver energies of the first 107Ag resonances
(16.4 eV and 51.5 eV) were then used to adjust the flight path length of 12.9 m capture station
at FP5 (L = 12.938 (1) m).
• Response function
Response functions can be obtained from the analytical expressions that take into account
several physical contributions. In REFIT, analytical function is a convolution of seven main
components [8]: (1) the initial electron pulse, (2) the target material and geometry, (3) the
moderation of the initial fast neutrons, (4) the timing channel, (5) the angle of the flight path
normal to the surface of the source, (6) the neutron detector and (7) an additional random
time jitter associated with electronics and detectors. Details on each component are given
in [8]. The main contribution to response function is due to the neutron transport in the
target-moderator assembly.
The main drawback of the analytical functions are the simplifications introduced to
describe the physical processes. On the other hand, the Monte-Carlo simulations rely on an
appropriate description of the neutron target and nearby experimental area, and accuracy of
the cross-sections of the materials. In our work we used the analytical description of the
response function for both, transmission and capture setup.
Flight path 5 and 13 are positioned on the opposite sides of the target-moderator assembly
and form an angle of 18◦ with respect to the normal of moderator. In Fig. 5.1, analytical
response function for the 12.9 m capture station of flight path 5 is compared with the
Monte-Carlo simulation. Comparison is shown for the very low (2.25 eV-11.25 eV) and the
upper (900 eV-1350 eV) energy region considered in the resonance analysis. An agreement
between the analytical and Monte-Carlo distribution is within the limit of uncertainties on
the analytical function, except for the very low values of distance.
The analytical function parameters of a 10.9 m station at flight path 13 were determined
from the fit to the shape of 238U resonances in the transmission spectra of MINERVE samples
made of UO2 matrix (i.e. AG9C1 and AG9C2 samples). Resonance parameters of 238U were
considered to be very well known. Several 238U resonances between 100 eV-1000 eV were
used. The shape of theoretical curves was shown to be the most sensitive to the diameter of
the first collimator (i.e. Dc) which is included in the angle contribution (i.e. contribution
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(5)). The average Dc (i.e. Dc = 13.5 (6) cm) was obtained from the Dc values that described
the best 238U resonances in terms of the minimum χ2 value. Final analytical function
for the energy regions 2.25 eV-11.25 eV and 900 eV-1350 eV are presented in Fig. 5.2.
Analytical functions in these two regions are compared the Monte-Carlo distributions. In the
upper energy part the matching is worsen as the MCNP model for simulating the response
distribution does not consider the flight path collimation.
Fig. 5.1 Analytical function of a 12.9 m station at flight path 12 is compared with the Monte-
Carlo distribution in two energy regions: 2.25 eV-11.25 eV (left plot) and 900 eV-1350 eV
(right plot). The shadow area represents the uncertainty of the diameter of the first collimator
Dc associated to the analytical function.
Fig. 5.2 Analytical response function of a 10.9 m station at flight path 13 is compared with
the Monte-Carlo distribution in two energy regions: 2.25 eV-11.25 eV (left plot) and 900 eV-
1350 eV (right plot). The shadow area represents the uncertainty of the diameter of the first
collimator Dc associated to the analytical function.
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5.2 Resonance parameters of 107Ag and 109Ag
In this work, resonance parameters of 107Ag and 109Ag for neutron induced reactions below
1 keV were obtained. Transmission and capture spectra from the measurements with silver
discs of different thicknesses were considered in the resonance analysis. Results of the
resonance analysis will be together with the data reduction of transmission and capture yield
experimental spectra presented in [95].
5.2.1 Comparison with silver evaluations
First, the theoretical transmission and capture yields based on the resonance parameters
for 107Ag and 109Ag recommended in the major nuclear data libraries (JEFF-3.2, ENDF/B-
VII.1 and JENDL-4.0) were compared with the experimental data. An example of such a
comparison is shown in Fig. 5.3. It shows the experimental and theoretical capture yield for
a 0.25 mm natAg thick sample. This figure illustrates that there are discrepancies between the
experimental and theoretical data and suggests that a new evaluation is required.
5.2.2 Results of resonance shape analysis
The resonance parameters were derived from the results of a fit to the experimental transmis-
sion and capture data with the REFIT code. Free parameters in the fit were: the resonance
energy E, the product gΓn, with g the statistical spin factor given in Eq. (2.10) and Γn the
neutron width, and the radiation width Γγ.
Reported values of the total angular momentum and spin for some of the resonances
differ between libraries and for these cases the values from the work of Zanini et al. were
considered [66], [96]. Below 100 eV all the experimental data were used for the analysis. The
parameters of the 5.2 eV resonance of 109Ag can not be determined from the measurements
with the 0.126 mm and 0.25 mm thick sample. Therefore only transmission and capture
data of the thinnest silver sample (0.06 mm) were used to determine the parameters of this
resonance. Examples of the calculated curves adjusted to transmission and capture data
below 100 eV are presented in Fig. 5.4.
The resulting parameters are listed in Table 5.4 and Table 5.5 for 107Ag and 109Ag,
respectively. From these data average radiation widths of 140.3 (27) meV for 107Ag and
130.7 (48) meV for 109Ag were derived (Fig. 5.5). They are within the uncertainties consistent
with those recommended in JEFF-3.2 (⟨Γγ⟩107 = 138.4 meV , ⟨Γγ⟩109 = 132.0 meV) and
JENDL-4.0 (⟨Γγ⟩107 = 140.0 meV , ⟨Γγ⟩109 = 130.0 meV). In ENDF/B-VII.1, ⟨Γγ⟩107 =
143.0 meV and ⟨Γγ⟩109 = 141.0 meV (for l = 0). For energies between 100 eV and 1000 eV ,
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Fig. 5.3 Experimental capture yield data obtained with 0.25 mm thick silver sample together
with REFIT calculation based on the resonance parameters reported in three major data
libraries. Four energy ranges with clearly seen discrepancies between the experimental and
theoretical data based on different nuclear data libraries are presented.
no resonance parameters could be derived from the results of the transmission experiments.
For this reason only the capture data were used to extract resonance parameters of 107,109Ag.
In this case only resonance energy and the product gΓn were adjusted and the radiation
width was fixed to 140 meV for 107Ag resonances and 130 meV for 109Ag resonances. Some
examples of capture data together with the adjusted theoretical curves for the energy region
between 100 eV and 1000 eV are shown in Fig. 5.6. List of 107Ag and 109Ag resonance
parameters obtained in this work is given in Table 5.4 and Table 5.5, respectively. Only
parameters for the resonances seen in our experimental data are given.
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Table 5.4 Resonance parameters of 107Ag isotope below 1 keV , obtained from a resonance
shape analysis with the REFIT code. Reported errors for the energy, neutron and radiation
widths are the statistical uncertainties given by the REFIT code. The gΓn values denoted
with a, b and c are the values reported in JENDL-4.0, ENDF/B-VII.1 and JEFF-3.2 libraries,
respectively.
E [eV] l Jπ gΓn [meV] Γg [meV]
16.37 (1) 0 0− 2.66 (1) 142.2 (4)
41.56 1) 0 1− 3.42 (1) 142 (1)
44.89 (1) 0 1− 0.75 (1) 140 (3)
51.51 (1) 0 1− 16.9 (1) 137.3 (6)
⟨Γγ⟩107 = 140.0 meV
E [eV] l Jπ gΓn [meV] E [eV] l Jπ gΓn [meV]
110.84 (3) 1 2+ 0.081a 554.91 (2) 0 0− 142 (10)
128.6 (1) 1 2+ 0.092a 577.10 (1) 0 1− 21.8 (2)
144.34 (1) 0 0− 4.97 (2) 587.83 (1) 0 1− 47.0b
162.23 (2) 0 1− 0.28a 626.04 (2) 0 1− 13.4 (2)
173.89 (2) 0 1− 4.6 (3) 631 (2) 1 2+ 0.3 (1)
202.78 (1) 0 1− 11.5 (5) 648.5 (1) 0 0− 1.19 (7)
251.61 (1) 0 1− 16.55 (8) 653.49 (2) 0 1− 8.4 (1)
260.61 (4) 1 1+ 0.25 (1) 674.79 (2) 0 1− 27.1 (2)
264.8 (6) 0 1− 2.59 (2) 696.06 (3) 0 1− 9.4 (1)
270.36 (6) 1 1+ 0.20a 703.14 (8) 1 2+ 2.7 (1)
311.31 (1) 0 1− 88.4 (7) 721.8 (3) 0 0− 1.6 (1)
347.42 (8) 0 1− 0,40a 753.12 (2) 0 1− 43.8 (4)
361.85 (1) 0 1− 15.63 (9) 781 (1) 0 1− 9.1a
373.8 (1) 1 2+ 0.19a 782.4 (4) 0 1− 7.0a
382.1 (1) 0 1− 0.29a 804 (1) 0 0− 2.25a
402.1 (2) 1 1+ 0.3a 813.9 (1) 0 0− 2.00 (9)
410.2 (1) 1 2+ 0.36a 844.2 (1) 0 0− 3.3 (2)
423.1 (3) 1 0+ 0.18a 873 (5) 0 1− 8.50a
444.99 (1) 0 0− 18.4 (2) 879 (3) 0 0− 7a
461.60 (1) 0 1− 10.45 (9) 884.4 (4) 0 0− 7.0a
466.83 (1) 0 1− 58.6 (7) 909.5 (1) 0 1− 7.8 (2)
472.28 (2) 0 0− 14.19 (4 915.2 (1) 0 1− 4.83 (1)
476.5 (2) 0 1− 1.75c 923.96 (8) 0 0− 6.6 (2)
480.2 (1) 1 2+ 0.72 (4) 934.04 (2) 0 1− 155.0b
523.6 (1) 1 0+ 0.685a 946.05 (4) 0 1− 43.8 (9)
526.8 (2) 0 0− 1.01a 990.50 (3) 0 0− 94 (3)
532.1 (2) 1 1+ 0.38a
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Table 5.5 Resonance parameters of 109Ag isotope below 1 keV , obtained from a resonance
shape analysis with the REFIT code. Reported errors for the energy, neutron and radiation
widths are the statistical uncertainties given by the REFIT code. The gΓn values denoted
with a, b and c are the values reported in JENDL-4.0, ENDF/B-VII.1 and JEFF-3.2 libraries,
respectively.
E [eV] l Jπ gΓn [meV] Γg [meV]
5.195 (1) 0 1− 9.928 (9) 130.3 (2)
30.565 (1) 0 1− 5.533 (9) 125.5 (5)
40.342( 1) 0 1− 3.568 (8) 139.7 (9)
55.81 (1) 0 0− 9.02 (3) 131 (1)
71.06 (1) 0 1− 20.61 (7) 130.0 (9)
87.69 (1) 0 1− 4.44 (2) 128 (2)
⟨Γγ⟩109 = 130.0 meV
E [eV] l Jπ gΓn [meV] E [eV] l Jπ gΓn [meV]
106.44 (2) 0 0− 0.14a 561.06 (2) 0 0− 79 (4)
134.04 (1) 0 1− 64.4 (3) 565.90 (1) 0 1− 74.6 (8)
139.76 (1) 0 1− 1.29 (1) 604.7 (1) 0 1− 1.9 (1)
169.84 (2) 1 0+ 0.335 (9) 608.31 (2) 0 1− 18.1 (2)
173.23 (1) 0 1− 34.9 (7) 622.63 (2) 0 1− 52.8 (7)
209.45 (1) 0 1− 19.77 (9) 634.3 (2) 0 1− 1.3 (1)
251.76 (1) 0 1− 4.4 (2) 670.01 (2) 0 1− 18.4 (2)
259.08 (1) 0 0− 1.98 (3) 682.2 (2) 0 1− 1.08 (7)
272.88 (2) 0 1− 1.37 (2) 690.7 (1) 0 1− 1.37 (8)
291.12 (1) 0 1− 8.19 (5) 726.43 (3) 0 0− 28.6 (7)
301.26 (2) 0 0− 1.07 (2) 731.6 (2) 0 0− 1.3 (1)
316.78 (1) 0 1− 115.3 (9) 748.02 (2) 0 1− 59.9 (7)
328.00 (1) 0 1− 4.5 (4) 785.49 (3) 0 1− 119 (5)
340.09 (9) 1 2+ 0.33a 794.17 (7) 0 1− 5.4 (1)
387.13 (1) 0 1− 32.3 (2) 803.9 (3) 0 0− 10.0a
391.73 (9) 1 1+ 0.16a 822.8 (3) 1 1+ 0.02b
398.11 (1) 0 1− 15.6 (1) 832.2 (1) 0 0− 2.5 (1)
404.53 (1) 0 0− 52.7 (8) 849.24 (7) 0 0− 10.8 (3)
428.72 (1) 0 1− 9.99 (8) 862.03 (5 0 0− 8.4 (2)
447.3 (9) 1 1+ 0.1a 883 (7) 0 1− 49.5b
469.90 (3) 0 0− 35 (1) 888 (8) 0 0− 2.9a
487.92 (1) 0 1− 11.83 (9) 903.64 (5) 0 0− 14.3 (4)
500.77 (1) 0 1− 113 (1) 931.26 (5) 0 0− 55.0a
512.45 (2) 0 0− 13.5 (3) 950.2 (2) 0 1− 8.2 (5)
526.2 (4) 0 0− 0.46a 961.24 (4) 0 1− 15.4 (2)
556.66 (4) 0 0− 12.7 (7) 975.54 (2) 0 1− 53.2 (7)
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Fig. 5.4 Examples of experimental transmission and capture data below 100 eV (black dots)
obtained with 0.126 mm natural silver sample. Solid curves are the REFIT calculations with
adjusted E, gΓn and gΓγ. Corresponding residuals, calculated by Eq. 5.2, are shown below
each spectra.
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Fig. 5.5 Average values of radiation widths for 107Ag and 109Ag, obtained from the average
of adjusted capture width Γγ below 100 eV .
Fig. 5.6 Examples of the experimental capture yield data obtained with natural silver samples
of different thicknesses together with the least-square adjusted theoretical curve calculated
with the REFIT code.
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5.2.3 Background in the low energy region
The main concern in the resonance analysis of natAg data is related to the 5.2 eV resonance
of 109Ag in the transmission spectra. This resonance is black for the 0.126 mm thick sample,
so therefore only data from the measurement with the 0.06 mm thick sample could be used
for the analysis. As already mentioned in the data reduction of measurements with silver disc
samples, there are no black resonances below the black resonance of cobalt at 132 eV . The
main contributions in the low energy part come from the scattering and overlap component.
In this study we will show the influence of background on the resonance parameters of 109Ag
at 5.2 eV .
The ratio b1/b2 (see Eq. (7.4) and Eq. (4.5)), obtained from the measurement with
0.126 mm thick natAg sample, was kept approximately constant. In case of a 10B anti-overlap
filter, the scattering decay constant λ2 was slightly decreased comparing to the background
of 0.126 mm thick natAg sample (5.76×10−6 → 5.50×10−6), which improved the residuals
in the vicinity of 5.2 eV resonance in the REFIT analysis.
For the transmission spectra obtained from the measurements with Cd anti-overlap filter,
it is not so evident that all of the overlap neutrons are absorbed before the cut-off energy
at 0.5 eV and that spectra level falls to b0 below this energy. Therefore, using the tail of
TOF spectra as a fitting point for the background model is not so straightforward. In one
example the b0 value was obtained from the tail of spectra measured with 10B anti-overlap
filter. In other example we used the end of spectra as a fitting point for the background model.
For each choice of b0, two choices of λ2 were used (i.e. original 4.13×10−6 and modified
3.92×10−6).
The resonance parameters (i.e. Γγ and Γn) of 109Ag at 5.2 eV for each test case were
obtained in the simultaneous fit together with the capture yield data of the 0.06 mm thick
sample. Results are given in Table 5.6. From the results we can see that parameters obtained
from each case are not in the range of statistical uncertainties coming from the fit to data.
Comparing test case 1 and 2, the latest, with slightly changed λ2 constant, gives Γγ that is
closer to the ⟨Γγ⟩109 = 130.0 meV . Different choices of λ2 and b0 in Cd test cases (i.e. case
3-6) result in maximum discrepancies of ∼ 2.5% for Γγ and Γn. Discrepancies related to the
choice of b0 are higher than the ones due to different λ2. Finally, parameters from test cases
2 and 5 for 10B and Cd spectra, respectively, were considered in the analysis of 5.2 eV .
Taking into account also the systematic uncertainties (i.e. due to the effective temperature,
areal density, normalization, flight path length, analytical response function model,...) in
the simultaneous fit of the 10B, Cd transmission spectra and capture yield spectra of the
0.06 mm thick natAg sample, we obtained Γγ = 130.2 (31) meV and Γn = 13.26 (26) meV .
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Table 5.6 Test cases with different background parameters and the resulting resonance
parameters of 109Ag at 5.2 eV .
Ag 0.126 mm: λ2,B = 5.76×10−6, λ2,Cd = 4.13×10−6
Test case Anti-overlap filter Description Γγ [meV] Γn [meV]
1 10B λ2,B = 5.76×10−6 135.1 (5) 12.88 (4)
2 10B λ2,B = 5.50×10−6 131.6 (6) 13.17 (4)
3 Cd λ2,Cd = 4.13×10−6, b0 from 10B spectra 131.4 (2) 13.15 (1)
4 Cd λ2,Cd = 4.13×10−6, b0 from fit to tail 129.2 (2) 13.32 (1)
5 Cd λ2,Cd = 3.92×10−6, b0 from 10B spectra 130.2 (2) 13.24 (1)
6 Cd λ2,Cd = 3.92×10−6, b0 from fit to tail 128.2 (2) 13.40 (1)
These values are overall within the quoted uncertainties comparing with the results of test
case 2 and 5, reported in Table 5.6.
5.2.4 Capture Kernel





A comparison was made between the capture Kernels of 107,109Ag resonances derived
from the major evaluations with the ones obtained in this work. The ratio of the capture
Kernels based on the resonance parameters recommended in JEFF-3.2, ENDF/B-VII.1 and
JENDL-4.0, and the ones obtained in this work are shown in Fig. 5.7 as a function of energy.
The mean values of the ratios for 107Ag are 1.07, 1.11 and 1.05 for the JEFF-3.2, ENDF/B-
VII.1 and JENDL-4.0, respectively. The corresponding standard deviations are relatively
large: 0.37, 0.31 and 0.28. For the 109Ag isotope, the average ratios of capture Kernels also
deviate from the unity, with average values 0.93, 0.97 and 0.95 and standard deviations 0.32,
0.28 and 0.37 for JEFF-3.2, ENDF/B-VII.1 and JENDL-4.0, respectively.
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Fig. 5.7 Comparison between the capture Kernels based on the resonance parameters from the
major evaluations and the ones from this work for 107Ag (left) and 109Ag (right) resonances
below 1 keV .
5.3 Transmission spectra of MINERVE samples
Transmission strongly depends on the geometrical shape of the sample and the void fraction.
The latter was already included in the Data reduction. Therefore, in the resonance shape
analysis we consider only the cylindrical geometry, which has an impact on both, the dip and
the shape of resonance profiles. This impact is due to the variation of areal number density
in the radial direction.
Influence of the sample geometry on the transmission profile was tested with Monte-Carlo
simulations of transmission through the sampes of different geometries having the same
average areal number density. Three different geometries were considered: cylindrical (1),
rectangular (2) and triangular (3) (Fig. 5.8). All samples were made of 238U and had the
average areal number density of 7.5×10−3 at/b. Diameter of the neutron beam, perpendicular
to the sample, was 1.5 cm and was adjusted to the edges of the sample (i.e. a = 1.5 cm).
Therefore, there was no void fraction and all the effect came from the shape of the sample.
Results of simulations, shown in Fig. 5.9, are given for transmission around the 6.67 eV
and 80.7 eV resonance of 238U. Although the average areal number density is the same, the
difference in transmission dip depth and shape is observed. We can see that the difference
between (1) and (2) is almost negligible at the energies of transmission dips, but slightly
arises in the wings of resonances. The difference between case (3) and other two cases is
clearly observed and is the largest at the energies of transmission dips. These results indicate
that the impact of geometry on the resonance shape is more evident for the geometries with
larger deviations from the average areal number density in the given sample range. To extract
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unbiased resonance parameters from such transmission profiles we need an analytical model
that takes into account the impact of sample geometry on the shape of the resonances.
Fig. 5.8 Geometry for different cases: Monte-Carlo simulation of transmission through
cylindrical sample (1), rectangular sample (2) and triangular sample (3). For all the cases,
the width a is 1.5 cm and the average areal number density is 7.5×10−3 at/b.
Fig. 5.9 Simulated transmission profiles for different shapes of the 238U sample. Left plot
shows the 238U resonance at 6.67 eV and the right one the one at 80.7 eV .
5.3.1 Analytical model
Analytical model that takes into account the cylindrical shape of the samples was implemented
in the REFIT code in order to analyze transmission spectra of the MINERVE samples.
Distribution of the areal number density in the radial direction is parametrized with the
sample radius r and the neutron beam radius R, as indicated in Fig. 5.10.
112
Fig. 5.10 Schematic presentation of the MINERVE sample in the neutron beam. Only part
of the neutron beam crossing the sample is considered in the analytical model, given by
Eq. 7.11.
For a parallel and homogeneous neutron beam, the transmission through cylindrical rod












Derivation of Eq. 7.11 follows the basic definition of transmission (i.e. the ratio between
sample-in and sample-out neutron fluence rate) considering geometrical characteristics of the
sample and the neutron beam. In Eq. 7.11, the Doppler broadened and energy dependent total
cross section of nuclide k (in units of 10−24 cm2) is denoted with σtot,k(E) and ρk is the volume
number density of nuclide k in 1024 at/cm3. Integration of the transmission expression is in
the radial direction (x-axis), with the integration limits set to the edges of the sample (i.e. −r
and r). The term
√
1− (x/R)2 accounts for the round shape of the neutron beam projected
on the sample and
√
1− (x/r)2 is the thickness distribution due to the cylindrical shape of
the sample.
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At this point we have to stress out that our model takes into account only the pellets (or
liquid in case of MAG sample) of the MINERVE samples. Claddings have different areal
number density distributions than the pellets (or liquid). Contribution due to the nuclides
in the cladding is included in the transmission normalization factor which is valid only in
the energy regions without any resonances due to the nuclides in the claddings. Therefore,
we excluded from the analysis the energy regions with strong resonances due to 91Zr and
96Zr (at 292 eV and 301 eV , respectively) and small resonances of 116,117,118S n. The 55Mn
resonance that appears at 341 eV of the MAG transmission spectra was also excluded from
the analysis.
5.3.2 Analytical model vs. Monte Carlo simulation
The analytical model given by Eq. (7.11) was validated with the Monte-Carlo simulation
using the MCNP code. For the Monte-Carlo simulation, we considered a simple cylindrical
rod with the radius r = 0.4055 cm and height h = 10 cm. Sample was made of 109Ag and
238U. Their volume number densities corresponded to that of AG9C1 sample calculated from
Table 4.2. Parallel and homogeneous neutron beam had the radius of R = 0.75 cm. To avoid
neutrons contributing to the void fraction (i.e. neutrons passing next to the sample), additional
collimators, absorbing all the neutrons, were positioned next to the sample. Therefore, the
result of simulation is the transmission only through the sample, as schematically presented
in Fig. 5.10. Comparison between the simulated transmission data and the REFIT calculation,
using Eq. 7.11, is given in Fig. 5.11. A good agreement is obtained between our simulation
and REFIT calculation. To validate the model, resonance parameters (i.e. neutron widths)
were fitted to simulated transmission data. Simulated transmission is based on the 238U and
109Ag nuclear data tables. For the 238U, nuclear data tables contain data from the JEFF-3.3
evaluated nuclear data file and for the 109Ag they are based on the resonance analysis of
natural silver performed in this work. The original and fitted values of neutron widths for
some of the resonances are given in Table 5.7.
5.3.3 Relation to tune r, R and void fraction α
We can relate the model parameters r and R with the α-void fraction using geometrical
relation:







Fig. 5.11 Comparison of the Monte-Carlo simulation (black) with the REFIT calculation
given by Eq. 7.11 in two different energy regions. Residuals, given below each plot, are
calculated as the difference between the data coming from the MCNP simulation and the
REFIT calculation (TMC −TREFIT .
Table 5.7 Comparison between the original and fitted values of neutron widths. For 238U,
original values are from the JEFF-3.3 library, while the 109Ag values are based on the
resonance analysis of natural silver performed in this work.
Nuclide E [eV] Γn,orig [meV] Γn, f it [meV]
109Ag 30.56 7.38 7.43
109Ag 55.81 36.08 36.07
109Ag 71.06 27.49 27.56
238U 80.75 1.86 1.86
Relation above is valid for the parallel and homogeneous neutron beam that is perpendicular
to the sample. In the ideal case, experimentally obtained void fraction (we call it here αexp)
should equal to the α obtained from the geometrical radius of the sample and the neutron
beam by using Eq. (7.12).
In a real experiment, the neutron beam is not homogeneously distributed in the radial
direction. Therefore, the relation in Eq. (7.12) is expected to be invalid for the geometrical
values of r and R. However, one can obtain the best set of effective model parameters re f f
and Re f f by the adjustment of theoretical curves to transmission profiles in the resonance
regions with very well known resonance parameters. Choosing re f f as a free parameter, the
Re f f is obtained as a byproduct from the experimental αexp value and the relation given by
Eq. (7.12).
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Well known resonance parameters of 238U were used to obtain the best values of re f f
and Re f f . 238U resonance at 80.7 eV was chosen for several reasons. First, it is a well
isolated resonance. Other 238U resonances in the lower energy region may be influenced
by the background and in the upper energy region the resonance shape is influenced by the
experimental resolution and the limited knowledge of its analytical approximation.
The best value of re f f was obtained by comparison between the calculated REFIT curves
and the experimental transmission data, looking for the minimum χ2. Effective radius was
a free parameter, while the resonance parameters of 238U were fixed. We considered the
transmission spectra of AG9C1 and AG9C2 sample resulting from the measurements with
10B and Cd anti-overlap filters. An average re f f = 3.90 (7) mm was calculated with the re f f
values obtained from each spectra.
There are no 238U resonances in the transmission spectra of AAG sample. However, the
AAG sample has almost identical geometrical characteristics as the AG9C1 and AG9C2
samples. Therefore, the average re f f resulting from the latter was considered in the REFIT
analysis. The same re f f value was applied also to the UNC transmission spectra.
Dimensions of the liquid MAG sample are larger. In this case, shape of the 107Ag
resonance at 55.8 eV was used to extract the best set of model parameters keeping the
resonance parameters fixed. The resonance parameters of 107Ag are the ones obtained in the
resonance analysis of natural silver performed in this work.
A list of model parameters, used for the REFIT analysis of MINERVE transmission
spectra, is given in Table 5.8. We can see that the resulting effective radius is smaller than
the geometrical one. This can be due to the non-homogeneous neutron beam in the radial
direction.
Table 5.8 Model parameters, obtained from the shape of well known 238U and 107Ag reso-
nances. These parameters were used in the resonance analysis of the MINERVE spectra.
Sample Matrix αexp rp [mm] re f f [mm] Re f f [mm]
AG9C1 UO2 0.3412 4.05 (5) 3.90 (7) 7.14
AG9C2 UO2 0.3412 4.05 (5) 3.90 (7) 7.14
UNC UO2 0.3412 4.05 (5) 3.90 (7) 7.14
AAG Al2O3 0.3412 4.07 (5) 3.90 (7) 7.14
MAG 4% HNO3 0.3237 4.17 (1) 3.82 (3) 6.79
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5.3.4 Verification of the sample composition with the NRTA
The NRTA method was applied to MINERVE transmission spectra in order to verify the nu-
clide composition of MINERVE samples as given by the manufacturer. This non-destructive
method can be used to identify the quantity of nuclides from the occurrence of resonances,
specific for this nuclide. According to the area analysis presented in Chapter 2, the nuclide
composition can be obtained from the area of transmission dips. In the limit of thin sam-
ples, the resonance area AT,thin is proportional to the areal density and the neutron width of
resonance:
AT,thin ∝ ngΓn. (5.9)
Under the assumption of well known resonance parameters, the nuclide composition can
be directly verified from the results of a fit to the experimental transmission with a neutron
width being a free parameter. Deviations of the ratio of prior (i.e. Γn,prior) and posterior (i.e.
Γn,posterior) neutron width values from the unity can be attributed to the change in nuclide
density given by the manufacturer.
In this study we verified the density of major nuclides presented in the pellets of MIN-
ERVE samples: 238U, 109Ag and 107Ag. Their resonances can be clearly observed in the
transmission spectra. For the prior neutron width values of 238U, the ones from JEFF-3.3
neutron data library were used. Prior neutron widths of 107Ag and 109Ag were the ones
obtained in this work (i.e. the gΓn,prior values derived from the resonance analysis of natural
silver spectra).
In the AG9C1 and AG9C2 transmission spectra, several 238U and 109Ag resonances up
to 1 keV were considered for the verification of sample composition. Black 238U resonances
in the very low energy region (and black 109Ag resonance at 5.2 eV) were not used in the
analysis as their area is not sensitive to Γn. In the transmission spectra of AAG and MAG
sample, several resonances of 109Ag and 107Ag were considered. First resonance of 109Ag at
5.2 eV was black so it was left out from the analysis.
Table 5.9 shows the average ratios of Γn,prior/Γn,posterior for the 238U, 109Ag and 107Ag in
different samples. A good agreement in the limit of quoted uncertainties given by REFIT
is obtained. This confirms the nuclide density of 238U, 109Ag and 107Ag given by the
manufacturer.
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Table 5.9 Ratios of Γn,prior/Γn,posterior for the 238U, 109Ag and 107Ag in different MINERVE
samples.
Sample Matrix 238U: Γn,JEFF−3.3/Γn,posterior 109Ag: Γn,this work/Γn,posterior 107Ag: Γn,this work/Γn,posterior
AG9C1 UO2 1.012 (26) 1.019 (17) /
AG9C2 UO2 1.000 (21) 1.015 (25) /
AAG Al2O3 / 0.986 (10) 0.984 (13)
MAG 4% HNO3 / 1.002 (24) 1.004 (20)
5.3.5 Contamination with tungsten
Some resonances in transmission spectra of the AG9C1, AG9C2, AAG and UNC samples
could not be referred to any nuclide reported by the manufacturer. The common point
of all these samples is the pellet manufacturing by powder compacting. In the grinding
process, tungsten carbid balls were used as grinding material. It was discovered that the
“unknown” resonances correspond to the resonances of natural tungsten. The strongest
resonance observed is the 186W resonance at 18.8 eV . Other tungsten resonances in the
spectra belong to: 182W (at 4.1 eV , 114.3 eV , 248.0 eV), 183W (at 27.0 eV , 46.2 eV , 101.1 eV)
and 184W (at 184.2 eV). The strength of resonances varies from sample to sample which
means that the content of tungsten in each sample is different.
The volume number density of natural tungsten was estimated from the 186W transmission
dip at 18.8 eV assuming the homogeneous distribution of tungsten in the sample. Transmis-
sion profiles in the energy region of 186W resonance were calculated based on the resonance
parameters reported in the JEFF-3.2 library. Nuclide density was a free parameter and its
best value was obtained from the minimum χ2. An example of the AG9C1 and AG9C2
transmission data around 186W resonance together with the theoretical curves calculated with
the REFIT code is given in Fig. 5.12.
Resonances due to the other W isotopes were too weak to extract some reliable infor-
mation from the transmission dips. Volume number densities of 182W, 183W and 184W were
therefore extracted from the density of 186W assuming natural abundance of W. Nuclide
composition of tungsten extracted from the dips in transmission spectra is given in Table 5.10.
5.3.6 Results
Finally, theoretical transmission was calculated with REFIT code and compared with the
experimental data. The effective radii re f f , Re f f and estimated tungsten composition were
taken into account in the REFIT calculation. Only the nuclides with observable resonances
contained in the sample pellets were considered in calculation. All the other minor nuclides
from the pellets and nuclides from the claddings were merged into normalization constant,
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Table 5.10 Tungsten composition (in 1024 at/cm3) in different MINERVE samples as esti-
mated from the 186W transmission dip at 18.8 eV .
Sample 182WNA=26.50 % 183WNA=14.31 % 184WNA=30.64 % 186WNA=28.43 %
AG9C1 1.59×10−5 8.56×10−6 1.83×10−5 1.70×10−5
AG9C2 7.30×10−6 3.94×10−6 8.43×10−6 7.82×10−6
UNC 2.06×10−6 1.11×10−6 2.37×10−6 2.20×10−6
AAG 1.63×10−6 8.80×10−7 1.89×10−6 1.75×10−6
Fig. 5.12 Transmission spectra around the 186W resonance. Tungsten content is different in
AG9C1 (left) and AG9C2 (right) sample.
which was the only free parameter. Resonance parameters used to reconstruct transmission
profiles were taken from different nuclear data libraries: JEFF-3.1.1
(











. Evaluation of 107Ag and 109Ag is based on the
resonance parameters derived from the transmission and capture measurements with natural
silver samples performed in this work.
In Fig. 5.13-5.16, the experimental transmission is shown together with REFIT calculation
for different samples and energy regions. The most important resonances are indicated with
the mass numbers of the corresponding nuclides. For the AAG and MAG sample, the most
interesting energy region is up to 100 eV , as the majority of the observed resonances are in
this part. Most of the resonances are due to the presence of 107Ag and 109Ag. In general, a
good agreement is obtained between the data and REFIT calculation.
In the AG9C1 and AG9C2 transmission spectra the strongest resonances belong to 238U,
109Ag and 186W. In the dips of black 238U resonances we can observe that the residuals
deviate from the unity for some of the resonances, while for the weaker resonances a good
agreement between the experimental data and REFIT calculation is obtained. Discrepancies
could be related to the limitations of the model which assumes a parallel and uniform neutron
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beam. Neutron beam in our experiment is not homogeneously distributed in the radial
direction and is slightly compressed in the vertical direction of the beam (i.e. z direction in
Fig. 5.10). Similar conclusions can be applied also to the UNC spectra.
Fig. 5.13 Experimental transmission spectra obtained with the AG9C1 sample, together with
the REFIT code calculation. Figure shows several energy regions up to 1 keV .
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Fig. 5.14 Experimental transmission spectra obtained with the AG9C2 sample, together with
the REFIT code calculation. Energy region below 100 eV is presented.
Fig. 5.15 Experimental transmission spectra obtained with the UNC sample, together with
the REFIT code calculation. Energy region below 100 eV is presented.
Fig. 5.16 Experimental transmission spectra below 100 eV , together with the REFIT code





Impact of the silver resonance
parameters on the results of lead
slowing-down experiment and reactivity
worth experiment
The objective of this chapter is to analyze the performance of our 107,109Ag resonance
parameters, obtained from the resonance shape analysis of transmission and capture spectra
measured in this work (Table 5.4 and Table 5.5). The capture resonance integrals of 107Ag
and 109Ag, which are important in thermal reactor applications are presented in the first part
of the chapter. Differences between our new silver evaluation and the evaluations reported in
major neutron data libraries are discussed. Some of the identified differences were confirmed
by the lead slowing-down experiments performed at the PERENE and RPI facilities. To
conclude, the importance of tungsten content in the MINERVE samples was studied through
reactivity worth calculations carried out in the MINERVE experiment.
6.1 Capture resonance integral
In thermal reactor applications important quantities are the cross sections at thermal energy
and the resonance integrals of (n,γ) reactions. The latter gives the probability that epithermal
neutrons will be absorbed by the material before reaching thermal energies. Without consid-
ering self-shielding effects, the theoretical capture resonance integral I0 for an epithermal
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In Eq. 6.1, σc(E) is the capture cross section, ECd = 0.5 eV is the cadmium cut-off energy
and Emax is the maximum energy of the epithermal neutrons. The capture resonance integral
for the 107,109Ag (n,γ) reactions was calculated using the NJOY code [97]. The values of I0
obtained in this work (I0,107 = 101.20 b, I0,109 = 1515.24 b) are given in Table 6.1 together
with the values derived from the cross sections in the major libraries. A cumulative sum of
σγ/En from cadmium cut-off energy at 0.5 eV up to 1000 eV , shown in Fig. 6.1 and 6.2,
reveals the origin of discrepancy between the values of the capture resonance integrals for
107Ag and 109Ag.
In case of 107Ag the present result is by 5.9 %, 8.6 % and 4.1 % lower compared to
the values derived from JEFF-3.2, ENDF/B-VII.1 and JENDL-4.0 libraries, respectively.
The main difference with respect to JENDL-4.0 comes from the resonance at 16.4 eV and
41.6 eV . The discrepancies with respect to JEFF-3.2 and ENDF/B-VII.1 libraries partially
originate from the 16.4 eV resonance, while the other part of contribution comes from the
resonances at 173.9 eV and 202.8 eV for JEFF-3.2 and ENDF/B-VII.1, respectively. The
capture resonance integral of 109Ag based on this work is higher for 2.8 %, 3.3 % and 3.5 %
from the values based on JEFF-3.2, ENDF/B-VII.1 and JENDL-4.0 libraries, respectively
(Table 6.1). The main difference comparing to this work is due to the first resonance of 109Ag
at 5.2 eV .
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Fig. 6.2 Cumulative sum of σc/En for 109Ag obtained from major evaluated data and the data
from this work.
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Table 6.1 Capture resonance integral I0 values of 107,109Ag together with the thermal capture
cross sections.
107Ag
Reference I0 [b] I0/I0 (This work) [%] σthc [b]
This work 101.20 37.51
JEFF-3.2 107.62 −5.9 37.61
ENDF/B-VII.1 110.78 −8.6 37.60
JENDL-4.0 105.52 −4.1 37.64
109Ag
Reference I0 [b] I0/I0 (This work) [%] σthc [b]
This work 1515.24 90.21
JEFF-3.2 1474.12 +2.8 90.72
ENDF/B-VII.1 1467.06 +3.3 90.24
JENDL-4.0 1464.16 +3.5 90.244
6.2 Silver validation with the Lead slowing-down spectrom-
eter
The lead slowing-down spectrometer (LSDS) together with a pulsed neutron generator is usu-
ally used for the (n,γ) and (n, f ) reaction measurements in order to resolve nuclear database
discrepancies. It has very poor time resolution comparing to time-of-flight experiment, but
produces data in a very short time (i.e. ∼ 30 min per sample). In this work, the LSDS
was used to test the 107Ag and 109Ag resonance parameters for neutron induced reactions.
Experimental data from two experiments were used, i.e. the one performed at the Gaerttner
LINAC Center at Rensselaer Polytechnic Institute (RPI) and the PERENE facility at LPSC
Grenoble. Silver experiment at PERENE was performed during the PhD thesis of Luc Perrot
with the results published in Reference [98]. At RPI, silver experiments were performed in
the scope of a PhD thesis of Nicholas Thompson [99]. In this work, silver measurements (i.e.
experimental capture rates) were compared with the MCNP Monte-Carlo simulations using
different neutron databases.
In the LSDS experiment, a neutron target is positioned at the center of a large cube of
high purity lead. Pulsed neutrons are slowed down through successive collisions with the lead
nuclei. Above 800 keV , neutrons slow down mainly by (n,2n) reactions followed by inelastic
scattering. Slowing down below 800 keV is due to elastic scattering. The average difference









where mPb and mn are the masses of lead nucleus and neutron, respectively. The correlation











where λs = 2.76 cm is a mean free path in the lead and v0 is the initial neutron velocity. This


















The time t0 corresponds to finite neutron energy E0 of a newly created neutron. Therefore,
the time-energy relation enables us to determine the energy of the detected neutron from the
measured time between the start of the neutron beam pulse and the time of interaction of
neutron in the detector.
6.2.1 Description of LSDS experiments
• PERENE facility at LPSC
The LSDS at Perene facility is a cubic assembly of 46.6 tons of pure lead (99.99 %). It
consists of eight blocks of 80 cm×80 cm ×80 cm. A central channel allows insertion of the
tube of the accelerator with the target at its end. Each block has two channels parallel to
the beam axis where the detector and the sample can be inserted. Samples are positioned
in front of the CeF3 scintillator with the attached photomultiplier. Pure lead is chosen as a
medium to have very small influence of impurities (mainly silver, bismuth, cadmium, copper,
antimony and tellurium) on the neutron fluence rate. Lead block is shielded with a cadmium
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foil to capture neutrons that would otherwise escape and backscatter from the surrounding
materials and influence the measurement. The neutron source (GEnerateur de Neutrons Pulse
Intense-GENEPI) is a duoplasmatron source that produces deuterons with the width less than
1 µs . The repetition rate of the source can vary between few Hz and 5 kHz. The deuterons
are accelerated to the maximum energy of 250 keV and focused on the titanium deuterium
or titanium-tritium target. Neutrons with energies 2.67 MeV and 14 MeV are produced via
D(d,n)3He or T (d,n)4He, respectively. Tritium target source can produce around 5×106
neutrons/pulse in 4π sr. Neutron fluence rate is measured with a 233U fission detector and a
3He counter.
Silver experiment was performed during the PhD thesis of Luc Perrot. For the measure-
ment, three square samples (2 cm × 2 cm) of natAg were used (i.e. samples of thickness
100 µm, 300 µm, 1200 µm). For comparison between simulated and experimental data we
only considered 300 µm thick silver sample with a mass of 1.281 g.
• LINAC Center at RPI
The LINAC of RPI is a 60 MeV electron linear accelerator, operated by pulsing electrons
and focusing klystron powered microwave radiation to accelerate pulsed electron bunches
towards a water-cooled tantalum target. Short pulses of neutrons are created through (e,γ)
and (γ,n) reactions with a tantalum target. Neutron target is positioned in the center of a
large cube (1.8 m3) of high purity lead (with the main impurities: carbon, silver, copper,
tellurium, bismuth). Capture γ-s are measured with yttrium aluminum perovskite (YAlO3,
YAP) cylindrical scintillators. The LSDS has multiple measurement channels. Samples are
attached to the scintillator end of the photomultiplier tube. A 235U fission chamber is used
as a neutron fluence rate monitor to normalize measured spectra and it is positioned in the
corner of LSDS.
Silver measurements were performed in the scope of a PhD thesis of Nicholas Thompson.
The experiment was performed with a 0.6 mm thick natAg sample with a mass of 1.60 g.
6.2.2 Monte-Carlo simulations
Monte-Carlo simulations of both, the LSDS experiment at PERENE and RPI facility, were
performed with the MCNP code using MCNP inputs from [98] and [99], respectively. To
accurately reproduce the experimental conditions, the simulations include a precise geometry
description of the experiments (i.e. with the concrete hall, neutron source tubes, lead block,
detectors etc.) and the neutron source description. Simulations depend also on the material
composition, e.g. precise knowledge of the lead composition and its impurities has an impact
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on the neutron fluence rate attenuation. In addition, the neutron data libraries used for the
specific material are of major importance.
In our simulations the tally is the capture rate in the sample which was obtained by
multiplying the average neutron fluence rate in a cell with the energy dependent microscopic
capture cross section. The tally is normalized to a source neutron. Simulated capture rates
have a time dependence, where time is defined as the time interval between the neutron cre-
ation and the neutron induced (n,γ) reaction with 107,109Ag isotopes in the sample. Relation
t−E, given by Eq. 6.4, was applied to transform the time scale into the neutron energy. To
obtain energy in the units of eV , the K = 165000 eV ·µs2 and t, t0 with the units in µs were
used.
The results of Monte Carlo simulations can be considered reliable when all the important
contributions have been sampled with enough number of particles. In general, a large number
of individual histories N are needed to achieve acceptable uncertainty and convergence
of tallies. Despite large computer power available nowadays this can still be a problem
in a case of a deep penetration problem, like ours, where a large block of lead attenuates
most of the neutrons before they reach the sample and thus worsen the statistics. The first
approach to reduce the computational effort is to simplify the geometry of the problem and
the second one to use the non-analog simulations. The second approach uses various variance
reduction techniques implemented inside MCNP code in order to achieve acceptable statistical
uncertainty and convergence of tallies of interest in a reasonable CPU time. Estimation of
the performance of the simulation in MCNP is done through 10 statistical tests performed on
tallies. Passing the tests is necessary but not sufficient condition for a convergence of the





where T is the simulation time proportional to the number of history runs. The relative
error R presents the statistical uncertainty of the tally. Simulation with the largest FOM is
preferred since it requires the least time or produces a specified relative error.
Simulation describing the silver experiment at the LSDS of RPI was already optimized
to provide good statistics in a reasonable time (i.e. with the large FOM value) due to the
implemented variance reduction techniques.
On the other hand, simulation of the silver experiment at PERENE facility took a
significant amount of CPU time to achieve acceptable statistics. To speed up calculations
and improve statistics we used the ADVANTG (Automated Variance Reduction Generator)
code [103]. This code generates the space an energy-dependent mesh based weight windows
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for neutrons and biased source distributions using three-dimensional discrete ordinates (S N)
solutions of the direct and adjoint deterministic transport equations. With the other words,
generated weight-windows adjust the weights of neutrons as they change energy and move
through the various cells in the problem geometry. At the end, significant improvement of
simulation was achieved, with the relative increase of FOMrel = 32 when compared to the
analog simulation.
6.2.3 Results
We compared the measurement results with the MCNP simulations based on the 107,109Ag
major neutron data libraries (i.e. JEFF, ENDF/B and JENDL) and the silver evaluation
obtained in this work. In [98] and [99] it was shown that simulations strongly depend on the
choice of evaluation for the lead isotopes. In our case, we used ENDF/B-VII.1 library for
lead.
• PERENE experiment
To directly compare simulations with the experimental results we normalized the spectra
by its integral (i.e. surface under the spectra) in the interval between 16 eV and 12 keV .
In Figs. 6.3 and 6.5, the experimental data from the measurement with 300 µm thick natAg
sample is compared with simulations based on different evaluated libraries. By visual
inspection it seems that the shape of experimental spectra is best reproduced by our new silver
data. However, comparison between simulation and experiment around the first resonance of
109Ag at 5.2 eV indicates problems with the resolution. In addition, discrepancies between
the experiment and simulations at the dips between the resonances indicate issues with the
background. Therefore, it is difficult to conclude about the performance of our new silver
evaluation from the shape of spectra. Additional analysis of the resonance area without the
background is needed for better interpretation.
Comparing simulations based on our new silver evaluation and other evaluations, some
of the discrepancies contributing to the change in capture resonance integrals of 107Ag and
109Ag can be also observed on the simulation of lead slowing-down experiment. In case of
107Ag, we can observe the discrepancies at 16.4 eV for all the libraries and the discrepancies
at 202.8 eV for ENDF/B-VII.1 library. For the 109Ag isotope, the major difference in capture
resonance integral comes from the resonance at 5.2 eV , which can be also observed.
• RPI experiment
Simulations were compared with the experimental data by using the first resonance of
109Ag at 5.2 eV for normalization (Fig. 6.4 and 6.6). In general, simulations based on different
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silver evaluations reproduce better the shape of experimental spectra for resonances in the low
energy part (i.e. 109Ag resonance at 5.2 eV and 107Ag resonance at 16.4 eV) compared to the
experiment at PERENE. There seems to be less problems with the experimental resolution,
while the problem with background persists. In the upper energy region, the matching of
spectra shape is worse comparing to PERENE experiment.
Comparing only simulations based on different evaluations, the biggest discrepancy
in shape of the spectra comes from the 107Ag resonance at 202.8 eV in ENDF/B-VII.1
evaluation, observed as a bump in spectra. Parameters of this resonance also contribute to
the change in the capture resonance integral of 107Ag. Discrepancies for 107Ag resonance at
202.8 eV in ENDF/B-VII.1 evaluation, observed in the capture resonance integral of 107Ag,
the simulation of PERENE and RPI experiment show that the resonance parameters of this
resonance ENDF/B-VII.1 evaluation are completely wrong.
Due to the background issues of PERENE and RPI experiments and small differences
between the simulated spectra using different evaluations, it is difficult to conclude on general
performance of different silver evaluations below 1 keV .
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Fig. 6.3 PERENE experimental data from the measurement with a 300 µm thick natAg
sample is compared with the simulations based on the major evaluated libraries and the silver
evaluation obtained in this work.
Fig. 6.4 RPI experimental data from the measurement with a 0.6 mm thick natAg sample is
compared with the simulations based on the major evaluated libraries and the silver evaluation
obtained in this work.
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Fig. 6.5 PERENE experimental data from the measurement with a 300 µm thick natAg
sample is compared with the simulations based on the major evaluated libraries and the silver
evaluation obtained in this work. Comparison is made in linear scale, only for the low energy
region.
Fig. 6.6 RPI experimental data from the measurement with a 0.6 mm thick natAg sample is
compared with the simulations based on the major evaluated libraries and the silver evaluation
obtained in this work. Comparison is made in linear scale, only for the low energy region.
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6.3 Silver validation with the pile-oscillation experiment in
MINERVE reactor
6.3.1 MINERVE reactor
MINERVE reactor, located at the CEA of Cadarache, is a pool type reactor operating at a
maximum power of 100 W. It was designed for the improvement of nuclear data knowledge.
Various experimental lattices can be loaded in the central square cavity of the core which
is submerged under 3 m of water. In our case, we have considered data obtained from
the experiment in a typical uniform PWR-lattice (with PWR-UO2 spectrum). Reactivity
measurements are performed with the pile-oscillation technique. Using this technique, the
samples doped with the measured isotope and the reference sample are inserted in the
oscillation rod and periodically moved inside and outside the reactor core. When samples
are outside the core, reactor is critical. When sample is inside the core, a small change of
reactivity is measured by the boron chamber. The automatically driven pilot rod linked to the
boron chamber compensates the reactivity change due to the sample (i.e. it maintains the
criticality of the reactor) using overlapping cadmium sectors [5]. In that way, a reactivity
worth of ±10 pcm can be compensated. Rotation angle of the pilot rod is proportional to the
reactivity worth of the inserted sample (in pcm unit). Reactivity worth of the doping isotope
is obtained from the difference between the reactivity worth of the doped sample and the
reactivity worth of the reference sample made of the same matrix, but without the doping
isotope.
Various experimental programs were performed at the MINERVE reactor over a wide
number of nuclides/elements (fission products, actinides, structural materials, absorbers etc.)
(see Chapter 1). As a consequence, hundred of cylindrical samples are available for further
nuclear data studies.
Resonance parameters of silver obtained in this work were tested on the MINERVE
experiments with the AG9C1, AG9C2 and UNC sample from the BUC program. The same
samples were also used in the transmission experiments using the TOF technique.
6.3.2 Interpretation of the experiment
Interpretations of the reactivity worth measurements are performed with the PIMS tool [104]
using the APOLLO 2 deterministic code, developed at CEA, Cadarache. Here we will just
briefly review the validation scheme, which is fully explained in Reference [5]. The calcula-
tion scheme contains material description (i.e. description of the sample, fuel, structures, etc.)
together with the nuclear data from the JEFF-3.1.1 evaluated library. First, self-shielding
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calculation was performed with the neutron cross-section using the SHEM 281 group of ener-
gies [105]. The 2D method-of-characteristics is used to solve the Boltzmann equation for the
neutron transport. Self-shielded cross sections are used to obtain direct and adjoint-neutron
fluence rates. PIMS calculation also includes some 3D effects to account for the finite size
of sample and leakage reactivity effects. Finally, sample reactivity is calculated from the
neutron fluence rates, self-shielded cross sections and effective neutron multiplication factor
ke f f using a direct perturbation method. PIMS calculation scheme is fully validated and
interprets measurements in terms of calculation over experiment ratios (i.e. C/E ratios). For
non-fissile nuclides, such C/E results provide information on the quality of the capture cross
sections recommended in the evaluated nuclear data libraries.
6.3.3 Results
In this study, the impact of new silver evaluation and tungsten contamination was calculated
on the AG9C1 and AG9C2 sample, but also on the reference sample UNC, that only contain
UO2 pellets without silver. The reactivity worth due to 109Ag is obtained by subtracting
the reactivity worth of the UO2 matrix obtained from the UNC sample. Calculations were
done for the experiment in a typical PWR-UO2 lattice. Results for different cases are given
in Table 6.2. Case 1 gives the [C/E −1] results in percentage (%) for 109Ag based on the
JEFF-3.1.1 neutron data library [5]. Case 2 shows a change in the calculated reactivity worth
due to silver evaluation from this work. We can a slight improvement of −0.4 % with new
silver data. However, the time-of-flight transmission measurements demonstrated that the
MINERVE samples contain a sizeable amount of tungsten. Preliminary results in Case 3
show a large impact of tungsten on the calculated reactivity worth. For the AG9C1 and
AG9C2 sample a change in the calculated reactivity worth due to the influence of tungsten
contamination are +2.6 % to +5.7%, respectively. Total effect of both, i.e. new silver
evaluation and tungsten contamination (Case 4), is an increase of +2.2 % and +5.3% in
calculation for the AG9C1 and AG9C2 sample, respecitvely, which worsens an agreement
between the calculation and experiment.
Tungsten distribution in the sample needs to be investigated in more details. In our
estimation of W content we assume homogeneous distribution in the sample. Possible erosion
of tungsten balls during the mixing procedure could cause very localised accumulation of
tungsten in the form of big grains. Tungsten contamination could also vary from pellet to
pellet in the same sample. In the cases mentioned, our estimated quantities of W are not
valid anymore. To detect any defects in the sample due to W, one could use some other
non-destructive volumetric method, e.g. radiography or ultrasonics. These volumetric defects
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could be then included in calculation using Monte-Carlo methods. A raw estimation of
tungsten homogeneity could be also obtained by additional transmission measurements with
the MINERVE samples at several axial positions of the sample in the neutron beam. Any
inhomogeneity of the sample would be reflected on the strength of W resonances.
Table 6.2 Impact of new silver evaluation obtained in this work and tungsten contamination
on the [C/E−1] results for the AG9C1 and AG9C2 experiments in a PWR-UO2 lattice..
Case Description AG9C1 AG9C2
1 [C/E−1]JEFF−3.1.1 + 3.2 (4.2) %
2 ∆[Cthis work/CJEFF−3.1.1−1] − 0.4 % − 0.4 %
3 ∆[CW/Cno W −1] + 2.6 % + 5.7%




This work presents a feasibility study of transmission measurements with the MINERVE
samples at time-of-flight facility GELINA. The main idea was to define procedures to analyze
results of transmission measurements using cylindrical samples which do not fulfill the ideal
transmission geometry. Capability of extracting reliable results was demonstrated on the
example of MINERVE samples enriched in silver. In addition, transmission and capture
measurements with standard discs of natural silver were performed to improve the resonance
parameters for 107Ag and 109Ag. The main steps in this work are the data reduction of
measured count rate spectra to produce final transmission and capture yield spectra, and the
spectra analysis with the resonance shape analysis code REFIT.
In the first part of this thesis we describe the transmission and capture measurements
on natural silver in the resolved resonance range up to 1 keV using metallic samples of
natural samples with different thicknesses (0.06 mm, 0.126 mm, 0.25 mm). The experimental
transmission and capture yields were obtained using the AGS formalism, which includes
a propagation of correlated and uncorrelated uncertainties starting from uncorrelated un-
certainties due to the counting statistics. All counting spectra were first corrected for the
dead-time. In transmission, the main source of uncertainty is the background. For the spectra
of 0.126 mm thick sample, background as function of TOF was estimated with the analytical
function, which was adjusted to black resonance dips due to the presence of black resonance
filters and due to the black 109Ag resonance at 5.2 eV . In case of 0.06 mm thick natAg sample,
the background estimation in the low energy region is not so evident. There are no black
resonances due to black resonance filters or sample nuclides below 132 eV . Background in
this energy region was determined by keeping the amplitude ratio b1/b2 from the sample-in
measurement with 0.126 mm thick sample approximately constant.
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Several data reduction steps are required to build the capture yield from the counting
spectra. TOF spectra of capture events measured by C6D6 detectors were weighted by the
weighting function to make the efficiency to detect a capture event directly proportional to
the sum of the energies of γ-rays emitted in the cascade. Weighting function for each silver
sample was obtained following the procedure of Borella et al., by Monte-Carlo simulation
of the photon and electron transport in the sample and detection system. Background of
the capture spectra required additional measurements with only the sample holder and with
a 208Pb sample. The later accounts for mainly neutrons that are scattered by the sample
creating a capture event in the detection system. Background was adjusted to the black
resonance dips due to the presence of S and Na black resonance filters. Background of the
neutron fluence rate was approximated similarly as in transmission, using analytical function
with time-independent and time-dependent exponential terms. Experimental capture yields
of silver were internally normalized to the saturated resonance of 109Ag at 5.2 eV . Applying
an internal normalization significantly reduces the uncertainty due to systematic effects such
as the position of the sample with respect to the neutron beam and detection system, sample
thickness and variations of the detector and accelerator conditions. Normalization constant
was derived by a least square adjustment to data using REFIT code. Fitting region was limited
to the saturated plateau, where normalization is independent of the resonance parameters.
The REFIT code was used to calculate the theoretical transmission and capture yield
taking into account the experimental effects such as effective temperature of the samples and
the response of the detector. Several discrepancies were observed between the experimental
data and the calculations based on JEFF-3.2, ENDF/B-VII.1 and JENDL-4.0 libraries for
107Ag and 109Ag isotopes. Resonance energy, neutron and radiation widths for resonances
below 100 eV were derived from a simultaneous fit to transmission and capture yield data.
For energies between 100 eV-1000 eV an average radiation width was used and only the
resonance energy and product gΓn were adjusted. The average radiation widths derived
from the data obtained in this work, i.e. 140.3 (27) meV for 107Ag and 130.7 (48) meV for
109Ag, are fully consistent with those in JEFF-3.2 and JENDL-4.0. For ENDF/B-VII.1 only
average radiation width of 107Ag is consistent. Discrepancies between the present evaluation
and the evaluated data available in the main neutron libraries were also observed through
the calculation of the capture resonance integral I0. The main difference in I0 for 107Ag
comes from the parameters of the 16.4 eV resonance. An additional difference is due to
the parameters of the resonance at 41.6 eV (for JENDL-4.0), 173.9 eV (for JEFF-3.2) and
202.8 eV (for ENDF/B-VII.1). Discrepancies in capture resonance integral of 109Ag come
from the parameters of the 5.2 eV resonance.
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Improved resonance parameters of 107Ag and 109Ag were tested on the silver experiments
performed with the lead slowing-down spectrometers, i.e. the ones at the Gaerttner LINAC
Center at Rensselaer Polytechnic Institute (RPI) and the PERENE facility at LPSC Grenoble.
Silver measurements were compared with the MCNP Monte-Carlo simulations using different
neutron databases. Overall the best agreement in the energy region up to 1 keV is with the
simulation based on resonance parameters of silver, obtained in this work. Discrepancies
between the experiment and simulation appear at the bottom of some resonances, which
could be attributed to the background. Some of the discrepancies between different libraries
and our new silver evaluation, identified in calculation of the capture resonance integral, can
be also observed here (e.g. discrepancies at 202.8 eV due to the 107Ag resonance parameters
reported in ENDF/B-VII.1).
Transmission experiment with the MINERVE samples was not performed in a good
transmission geometry. There are two contributions that were considered in the data reduction
and resonance analysis of the experimental data. In the data reduction we investigated and
quantified the void fraction α, which defines fraction of neutrons that pass next to the sample
and are detected by the neutron detector. Cylindrical geometry of the MINERVE sample was
taken into account in the resonance shape analysis, using REFIT code.
Void fraction α = 0.3412 (27) was obtained from the bottom of black 238U resonance
at 6.67 eV , presented in the transmission spectra of AG9C1, AG9C2 and UNC sample.
Void fraction was taken into account in the modified transmission expression given by
Eq. (7.9). As a result, transmission only through the sample was obtained. In such spectra,
transmission levels at the energies of black resonances are brought to zero level. Artificial
spectra β(t) (given by Eq. (7.10)) was defined and used for easier background estimation in
the energy region below the last TOF black resonance filter at 132 eV . When applied to the
sample-in spectra, β(t) passes through the bottom of black resonances due to the presence
of black resonance filters and nuclides in the sample if background functions Bin(t) and
Bout(t) functions are well determined. Dominating resonance structures observed in the
transmission spectra of AG9C1 and AG9C2 are due to the 238U contained in the sample
matrix (i.e. UO2) and due to the doping nuclide 109Ag. From the nuclides in sample claddings,
91Zr and 96Zr have the strongest resonances. Several small resonances, i.e. resonances of
235U and 116,117,118S n, can be observed as well. The same nuclides, except 109Ag, appear
in the transmission spectra of dummy UNC sample. Most of the observed resonances in
the AAG and MAG transmission spectra belong to silver isotopes 107Ag and 109Ag. Both
spectra contain also 91,96Zr resonances due to the Zy−4 cladding. In spectra of the MAG
sample, a 55Mn resonance at 341 eV also show up due to the composition of outer cladding.
Transmission spectra of the AG9C1, AG9C2, UNC and AAG sample also pointed out a
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tungsten contamination, which was not reported in the chemical analysis. The most visible
tungsten resonances observed are the ones of 186W at 18.8 eV and 182W at 4.1 eV . The
strength of resonances varies from sample to sample, which means that the tungsten content
is different in each sample.
Geometry of the MINERVE samples was considered in the REFIT resonance shape
analysis. Monte-Carlo simulations have shown that geometry of the sample affects the
shape and depth of transmission dips. Cylindrical shape was considered in the REFIT
by implementing the analytical expression for transmission, parametrized with the sample
radius and the neutron beam radius. The model assumes parallel and homogeneous neutron
beam and the sample without any cladding. Analytical model was validated with Monte-
Carlo simulation of transmission through a cylinder containing 109Ag and 238U. A good
agreement between the simulation and REFIT calculation was obtained, looking at the
residuals and the prior and posterior values of neutron widths for some 109Ag and 238U
resonances. In our transmission experiment with the MINERVE samples the neutron beam
was not homogeneously distributed in the radial direction. Therefore, the best set of model
parameters could not be obtained from the geometrical values. The shape of 238U resonance
at 80.7 eV with well known resonance parameters was used to extract the best set of model
parameters (i.e. the effective sample and beam radius) by comparison of experimental
transmission with the REFIT curves, looking for the minimum χ2. Relation between effective
sample and beam radius was established through geometrical relation using the void fraction
α (Eq. (7.12)). For the AG9C1, AG9C2 and UNC spectra, effective radius values re f f =
3.90 (7)mm and Re f f = 7.14 mm are somewhat smaller than the geometrical values, i.e.
rp = 4.05 (5) mm and Rp = 7.5 mm (Rp here is approximated with the radius the collimator
before the sample position). The same effective values were applied also to AAG spectra due
to the identical geometrical characteristics of the AAG sample. In case of the MAG sample,
which has different dimensions than other samples, the effective values were obtained from
the shape of 107Ag resonance at 55.8 eV (rp = 3.82 (3) mm and Rp = 6.79 mm).
Composition of the major nuclides in the MINERVE samples (i.e. 238U, 109Ag and
107Ag) was confirmed with the NRTA technique by fitting the neutron widths to experimental
data. Prior values of 107,109Ag were the ones obtained in this work and for 238U the latest
evaluation of JEFF (i.e. JEFF-3.3) was used. From the ratio of a prior and posterior neutron
width, an agreement with the composition reported in the chemical analysis of the MINERVE
samples was in the range of 2 %.
The REFIT code was also used to estimate the tungsten composition. Tungsten was found
in the MINERVE samples made of UO2 and Al2O3 matrix (all from the BUC program).
The origin of tungsten is the grinding process, where tungsten carbid balls were used as
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grinding material. The volume number density of natural tungsten was estimated from the
transmission dip of strong 186W resonance at 18.8 eV fixing resonance parameters reported
in JEFF-3.2 library. We assumed homogeneous distribution of tungsten in the sample, with
natural abundance of the tungsten isotopes. Tungsten content, obtained from the transmission
dips, varies from sample to sample, ranging from 1018 at/cm3 to 1019 at/cm3.
Finally, theoretical transmission calculated with REFIT was compared with the ex-
perimental transmission of the MINERVE samples up to 1 keV . Only the nuclides with
observable resonances from the pellets were considered, while the minor nuclides from the
pellets and nuclides from the claddings were merged in the normalization constant. Res-
onance parameters were fixed. In general, a good agreement between the experiment and
calculation is obtained, except at the energy regions of black 238U resonances, where some
deviations from the unity are observed in the residuals. This could be related to the possible
background issues and non-uniform neutron beam.
From the discussion above we can see the importance of 238U for the analysis of our data.
First, 238U resonances were used in the data reduction to obtain void fraction and to obtain
background in the low energy region. In the REFIT analysis, the resonances of 238U with
well known energies were used to determine the flight path length and the analytical response
function of 10.9 m station at flight path 13. Model parameters, i.e. the effective sample and
beam radius, were adjusted to the shape of 238U at 80.7 eV .
Resonance parameters of silver obtained in this work were tested on the MINERVE
experiments with the AG9C1 and AAG samples from the Burn-Up Credit program. The
reactivity worth obtained from the APOLLO2 calculation for PWR-UO2 lattice show that
our new silver evaluation slightly improves C/E agreement comparing to calculation with
JEFF-3.1.1 library. However, the time-of-flight transmission measurements demonstrated
that the MINERVE samples contain a sizeable amount of tungsten. Preliminary results have
shown the large impact of tungsten on the calculated reactivity worth. For the 109Ag doped to
AG9C1 and AG9C2 sample the [C/E−1] ratio increase for +2.6 % to +5.7%, respectively,
when tungsten is included. Tungsten distribution in the sample needs to be investigated in
more details. In our estimation of W content we assume homogeneous distribution in the
sample. Possible erosion of tungsten balls during the mixing procedure could cause very
localised accumulation of tungsten in the form of big grains. In that case, our estimated
quantities of W are not valid anymore.
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7.1 Perspectives
On the example of AG9C1 sample we have seen that existing [C/E−1] results of the BUC
program are not trustable as long as tungsten (or the presence of any other element with a
high neutron absorption cross section) is not correctly taken into account in the neutronic
calculations. Therefore, additional measurements (e.g. the transmission TOF measurements)
are needed to characterize the MINERVE sample composition by the NRTA method. From
the measurements performed in this work we can say that the time scale of such experiment
is very short (∼ 1.5 day per sample), so not much allocated neutron beam time is required.
In addition, all samples from the BUC program share the same geometrical characteristics,
so a number of MINERVE samples from the BUC program (e.g. Tc, Sm, Nd, Cs, Mo, Ru,
Eu, Gd, Rh) could be measured with the same sample holder at transmission measurement
station FP13-10.9 m of the GELINA facility.
The output of this work is also the possibility to validate the resonance parameters of
more exotic nuclides in the MINERVE samples that are difficult to get and produce in form
of standard discs. Improved resonance parameters in the resolved resonance region for these
nuclides could be included in a new JEFF library.
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Razširjeni povzetek v slovenskem jeziku
Reakcijski preseki z nevtroni so bistvenega pomena v številnih jedrskih aplikacijah. Uporabl-
jajo se tako pri reševanju transportne Boltzmannove enacˇbe (deterministicˇni pristop) kot
tudi v Monte-Carlo preracˇunih transporta nevtronov, kjer nakljucˇno vzorcˇimo posamezne
zgodovine nevtronov. Natancˇnejše vrednosti presekov in njihove manjše negotovosti vodijo
do pomembnih izboljšav varnosti in zanesljivosti obstojecˇih reaktorjev kot tudi do bolj
zanesljivih napovedi delovanja novih konceptov jedrskih reaktorjev.
Za izboljšanje reakcijskih presekov se uporabljajo visoko-locˇljivostni poskusi z metodo
cˇasa preleta nevtrona (TOF metoda) na napravah kot je pospeševalnik elektronov GELINA na
raziskovalnem inštitutu EC-JRC v Belgiji. Resonancˇne parametre v razlocˇnem resonancˇnem
obmocˇju lahko dolocˇimo s fitanjem teoreticˇnega modela (R-matricˇni model) na izmerjeni
spekter. Za takšno analizo se uporabljajo racˇunalniški programi kot so REFIT, SAMMY in
CONRAD. Pri dolocˇitvi resonancˇnih parametrov iz izmerjenih spektrov je potrebno upošte-
vati tudi merilne negotovosti, kar zahteva dobro poznavanje merilnih pogojev. Reakcijske
preseke, kot jih uporabimo za transportne preracˇune zgeneriramo iz resonancˇnih parametrov z
uporabo razlicˇnih jedrskih modelov, odvisno od energijskega obmocˇja nevtronov. Resonancˇni
parametri so shranjeni v knjižnicah jedrskih podatkov, kot so npr. JEFF, ENDF/B in JENDL.
Raziskovalni reaktor MINERVE se nahaja na raziskovalnem inštitutu CEA Cadarache
(Francija) in je bazenski reaktor z maksimalno mocˇjo 100 W. Na tem reaktorju se je zvrstilo
veliko eksperimentalnih programov z namenom evalvacije jedrskih podatkov, objavljenih
v evropski knjižnici za jedrske podatke JEFF. Ti programi obsegajo meritve reaktivnosti s
t.i. oscilacijsko tehniko. V okviru 4 eksperimentalnih programov so v reaktorju MINERVE
opravili meritve s številnimi vzorci:
• OSMOSE: 13 vzorcev z aktinidi,
• MAESTRO: 48 vzorcev s strukturnimi materiali,
• OCEAN: 16 vzorcev z absorberji,
• Burn-Up Credit (BUC): 13 vzorcev s cepitvenimi produkti.
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Ti integralni programi pokrivajo vecˇji del zahtev po jedrskih podatkih za razlicˇne jedrske
aplikacije. Za interpretacijo poskusov v MINERVE reaktorju se pogosto uporablja deter-
ministicˇni program APOLLO2, koncˇni rezultat pa je razmerje med izracˇunano in izmerjeno
vrednostjo spremembe reaktivnosti zaradi vstavjlenega nuklida, t.i. C/E razmerje. V tem
delu smo se osredotocˇili predvsem na vzorce iz BUC programa (izveden 1993), ki vsebujejo
cepitvene produkte. Nemen tega programa je bil ocena kakovosti jedrskih podatkov nuklidov,
ki prispevajo k absorbciji nevtonov v tlacˇnovodnih reaktorjih. To nam omogocˇa oceno
spremembe reaktivnosti v izrabljenem gorivu. Za poskus so bili izbrani najstabilneši nuklidi,
ki prispevajo k vecˇ kot 75 % absorbcije cepitvenih produktov (t.j. Sm, Nd, Gd, Eu, Rh,
Tc, Cs, Ag, Ru, Mo). Pri nekaterih nuklidih so se pojavile ogromne razlike med izracˇuna-
nimi in izmerjenimi vrednostmi reaktivnosti, izvor teh razlik pa z integralnimi poskusi ni
mocˇ razložiti. Posebej zanimiv je primer 99Tc, ki je eden najbolj radioaktivnih cepitvenih
produktov v cˇasovnem obdobju med 104 in 106 let po nastanku. Rezultati programa BUC
za tipicˇni PWR spekter nevtronov kažejo na razlike 9 % med izracˇunanimi in izmerjenimi
vrednostmi reaktivnosti. Predvidevamo, da je vir teh razlik slabo dolocˇena sestava vzorcev,
slabo dolocˇeni jedrski podatki nuklidov v vzorcu ali pa deterministicˇni preracˇuni.
Visoko-locˇljivostne meritve prepustnosti na napravi GELINA nam omogocˇajo dolocˇitev
sestave vzorcev z metodo NRTA ("Neutron Resonance transmission Analysis"). Velike C/E
razlike bi tako lahko razložili z novimi meritvami prepustnosti z vzorci MINERVE, ki so
bili predhodno obsevani v reaktorju MINERVE. Težave z uporabo istih vzorcev na obeh
objektih so povezane s samo geometrijo vzorcev MINERVE. Ti vzorci so valjaste oblike z
dolžino 10 cm in premerom 1 cm. Izotopi razlicˇnih nuklidov, ki jih merimo, so homogeno
razporejeni v tabletke iz matrik UO2, Al2O3 ali v 4 % raztopino HNO3. Sveženj tabletk (10
tabletk skupaj) je obdan z dvema srajcˇkama iz Zy-4, v primeru raztopine pa je ena srajcˇka iz
Zy-4, druga pa iz aluminija. Za TOF meritve na napravi GELINA se uporabljajo opticˇno
tanki vzorci v obliki diska s premerom od 2 cm do 8 cm.
Glavni cilj tega dela je izvesti študijo izvedljivosti opravljanja TOF meritev z vzorci
MINERVE in preveriti ali z analizo teh meritev pridemo do zanesljivih rezultatov. V tem delu
smo razvili metodologijo in definirali postopek analize rezultatov meritve prepustnosti. Ti
postopki so uporabni za analizo ostalih vzorcev MINERVE. S tem namenom smo opravili smo
meritve prepustnosti skozi vzorce MINERVE, ki so obogateni z naravnima izotopoma srebra,
107Ag in 109Ag. Srebro smo izbrali iz vecˇ razlogov. Prvicˇ, vzorci MINERVE, ki so obogateni
s srebrom, so na voljo v CEA Cadarache. Z njimi so že bile opravljene oscilacijske meritve
v reakatorju MINERVE. Drugicˇ, diske naravnega srebra, ki so primerni za TOF meritve,
je enostavno izdelati. S temi vzorci (debeline vzorcev: 0.06 mm, 0.126 mm, 0.25 mm)
lahko izvedemo meritve prepustnosti in zajetja nevtrona v nizkoenergijskem razlocˇnem
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resonancˇnem obmocˇju (do 1 keV), iz izmerjenih spektrov pa dolocˇimo izboljšane resonancˇne
parametre izotopov 107Ag in 109Ag. Te resonancˇne parametre lahko potem uporabimo pri
preverjenju zgradbe vzorcev MINERVE z metodo NRTA. Relativna energijska locˇljivost za







kjer je γ Lorentzov faktor, v pa hitrost nevtrona. Za moderiran nevtronski spekter je glavni
prispevek k energijski eksperimentalni locˇljivosti transport nevtronov v uranovi tarcˇi, kjer
nevtroni nastanejo. Pri konstantni hitrosti oziroma kineticˇni enegiji nevtrona se energijska
locˇljivost resonanc z razdaljo L povecˇuje, kar pomeni da je locˇljivost izmerjenih spektrov
pogojena z razdaljo. Po drugi strani pa se intenziteta nevtronskega fluksa zmanjšuje s
kvadratom razdalje od izvora nevtronov. Tako je potrebno pri izbiri razdalje napraviti
kompromis med locˇljivostjo in intenziteto nevtronskega fluksa. V tem delu smo osredotocˇeni
predvsem na energijsko obmocˇje nevtronov pod 1 keV. Pomembno je, da imamo dovolj
statistike posebej v energijskih obmocˇjih resonancˇnih struktur, zato smo meritve izvedli na
eksperimentalnih postajah blizu izvora nevtronov. Prepustnost smo merili na postaji FP13,
10.9 m od izvora, zajetje nevtronov pa na postaji FP5, 12.9 m od izvora.
Prepustnost nevtronov predstavlja delež nevtronov, ki preide vzorec brez interakcije
z vzorcem. Cˇe je vzorec postavljen pravokotno na vzporedni vpadni žarek nevtronov, je
teoreticˇna prepustnost Tth povezana z Doplersko razširjenim totalnim presekom σtot,k in
številsko površinsko gostoto nk nuklida k preko enacˇbe:
Tth = e−
∑
k nkσtot,k . (7.2)
Eksperimentalna prepustnost Texp je dolocˇena iz razmerja med TOF spektrom z vzorcem
v nevtronskem žarku Cin(t) in spektrom brez vzorca v nevtronskem žarku Cout(t), ki ju




kjer sta Bin(t) and Bout(t) ozadji meritev z in brez vzorca. V primeru meritev z 10B filtrom v
žarku nevtronov (s tem filtrom zmanjšamo delež pocˇasnih nevtonov, ki jih zaradi pulznega




−λ1t +b2e−λ2t +b3e−λ3(t+τ0). (7.4)
Cˇasovno neodvisna komponenta b0 predstavlja naravno ozadje in prispevek nevtronov, ki
niso cˇasovno korelirani. Prvi eksponentni cˇlen je ozadje zaradi γ-žarkov z energijo 2.2 MeV ,
ki izvirajo iz zajetja nevtronov v vodiku, prisotnem v moderatorju nevtronske tarcˇe. Drugi
eksponentni cˇlen predstavlja nevtrone, ki se sipajo znotraj merilne postaje in iz drugih
merilnih postaj. Zadnji eksponentni cˇlen predstavlja pocˇasne nevtrone iz prejšnjega pulza
nevtronov. Ozadje TOF meritev dolocˇimo s t.i. metodo »cˇrnih resonanc«. To pomeni, da
imamo med meritvijo v nevtronskem žarku vstavljene filtre iz razlicˇnih materialov, ki pri
dolocˇenih energijah absorbirajo vse nevtrone (»cˇrne resonance«, npr. Na and Co). Proste
parametre ozadja, definiranega z En. (7.4), nato fitamo po metodi najmanjših kvadratov
na obmocˇjih »cˇrnih resonanc«. Normalizacijska konstanta NT zajema negotovosti zaradi
sprememb v intenziteti žarka nevtronov med meritvijo.
V primeru, ko je vzorec postavljen pravokotno na vpadni žarek nevtronov, ko gredo
vsi detektirani nevtroni skozi vzorec, ko nevtronov sipanih na vzorcu in kolimatorjih ne
detektiramo ter ko je vzorec homogen ter enake debeline po vsej površini, je eksperimentalna
prepustnost Texp direktna meritev teoreticˇne prepustnosti Tth. Temu recˇemo t.i. "primerna
geometrija".
Pri zajetju nevtronov je kolicˇina, ki jo dolocˇimo iz meritve, pridelek za zajetje nevtronov.
Ta predstavlja delež vpadnih nevtronov, ki z vzorcem reagira preko (n, γ) reakcije. Teoreticˇno
je pridelek za zajetje nevtronov Yγ,thv limiti tankih vzorcev in/oziroma majhnih presekov
(
∑
j n jσtot, j ≪ 1) definiran kot:
Yγ,th ≈ nkσγ,k. (7.5)
Eksperimentalni pridelek dolocˇimo iz razmerja uteženega odziva detektorja za primarne
γ-žarke (dva C6D6 detektorja) ter odziva nevtronskega detektorja (ionizacijska celica z







V zgornjem izrazu je utežen odziv C6D6, popravljen za mrtvi cˇas, podan s Cw, fluenca
nevtronov, popravljena za mrtvi cˇas, pa s Cϕ. Ozadje fluence nevtronov Bϕ(t) je podobno kot
pri prepustnosti podano z analiticˇno funkcijo. Glavna razlika je v tem, da lahko eksponentni
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cˇlen zaradi γ-žarkov z energijo 2.2 MeV zanemarimo. Ozadje nato fitamo po metodi najman-
jših kvadratov na obmocˇjih »cˇrnih resonanc«. Ozadje uteženega spektra C6D6 detektorjev, to
je Bγ,w(t) dolocˇimo z:





kjer je b0 cˇasovno neodvisna komponenta zaradi naravnega ozadja in potencialne aktivacije
vzorca, Cγ,w,0 in Cγ,w,Pb pa sta utežena TOF spektra iz C6D6 meritev, prvi z meritev z nosil-
cem za vzorec, drugi pa z vzorcem 208Pb. Ker je dominantna reakcija nevtronov z 208Pb
sipanje nevtronov, je spekter Cγ,w,Pb predvsem odziv C6D6 detektorjev na nevtrone, sipane na
vzorcu, ki nato v detektorju sprožijo zajetje nevtrona. Normalizacijska konstanta Nc zajema
razlicˇne energijsko neodvisne prispevke kot so izkoristek za detekcijo promptnih γ žarkov,
efektivna površina vzorca kot ga vidi žarek nevtronov, kot med vzorcem in C6D6 detektorjem
ter absolutna vrednost fluence nevtronov. Nc smo dolocˇili z normalizacijo uteženega TOF
spektra C6D6 detektorjev v obmocˇju nasicˇene resonance izotopa 109Ag pri energiji nevtronov
5.2 eV . S takšno pristopom normalizacije mocˇno zmanjšamo negotovosti povezane s sistem-
aticˇnimi efekti kot so npr. postavitev vzorca glede na žarek nevtronov in sistem detektorjev,
debelina vzorca in spremembe pogojev delovanja detektorja ter pospeševalnika. Normalizaci-
jsko konstanto smo dolocˇili po metodi najmanjših kvadratov s programom REFIT. Obmocˇje
fita smo omejili na nasicˇeni plato resonance, kjer je normalizacija neodvisna od resonancˇnih
parametrov. Faktor Yϕ(t) predstavlja teoreticˇni reakcijski pridelek ionizacijske celice, Tϕ(t)
pa atenuacijo nevtronov skozi ionizacijsko celico.
Eksperimentalno prepustnost in pridelek za zajetje nevtronov kot funkcijo TOF smo
dolocˇili s programom AGS, kjer lahko propagiramo korelirane in nekorelirane negotovosti.
Pri tem vsem izmerjenim spektrom na zacˇetku pripišemo nekorelirane statisticˇne negotovosti.
Za resonancˇno analizo meritev smo uporabili program REFIT. Program izracˇuna pre-
pustnost in pridelek za zajetje nevtronov, pri tem pa upošteva eksperimentale efekte prisotne
pri TOF meritvah, kot so npr. efektivna temperatura vzorca in odzivna funkcija spektrome-











kjer je zexp(t) izmerjena spremenljivka, zM(t, θ⃗) teoreticˇna vrednost spremenljivke, Vzexp
kovariancˇna matrika izmerjenih podatkov in θ⃗ niz modelskih parametrov.
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Med izmerjenimi spektri naravnega srebra in spektri, izracˇunanimi z glavnimi knjižnicami
jedrskih podatkov (JEFF-3.2, ENDF/B-VII.1 in JENDL-4.0) za izotopa 107Ag and 109Ag, je
prisotnih ogromno razlik. V energijskem obmocˇu pod 100 eV smo na spektre prepustnosti
in pridelka za zajetje nevtronov hkrati fitali resonancˇno energijo, nevtronsko in sevalno
širino resonanc. V energijskem obmocˇju med 100 eV-1000 eV smo fitali samo resonancˇno
energijo ter nevtronsko širino resonanc. Za sevalno širino resonanc smo uporabili povprecˇno
vrednost, ki smo jo izracˇuanli kot povprecˇje sevalnih širin resonanc v obmocˇju pod 100 eV .
Povprecˇni vrednosti 140.3 (27) meV za 107Ag in 130.7 (48) meV za 109Ag se dobro ujemata
z vrednostmi v knjižnicah JEFF-3.2 in JENDL-4.0. Razlike med izmerjenimi spektri in
obsotojecˇimi evalvacijami za naravno srebro so razvidne tudi iz resonancˇnega integrala
za zajetje nevtrona I0. Glavna razlika v I0 za 107Ag je zaradi resonancˇnih parametrov pri
energiji 16.4 eV , ostale razlike pa so zaradi parametrov pri energijah 41.6 eV (za JENDL-4.0),
173.9 eV (za JEFF-3.2) in 202.8 eV (za ENDF/B-VII.1). V primeru izotopa 109Ag je glavna
razika zaradi parametrov pri energiji 5.2 eV .
Izboljšane resonancˇne parametre naravnega srebra smo testirali tudi na poskusu s spek-
trometrom, ki deluje po metodi upocˇasnjevanja nevtronov na svincu ("Lead slowing-down
spectrometer"). Za primerjavo smo izbrali poskuse z vzorci naravnega srebra, ki so jih izvedli
na Gaerttner LINAC Center inštituta Rensselaer Polytechnic Institute (RPI) ter napravi
PERENE v LPSC Grenoble. Meritve smo primerjali z MCNP simulacijami hitrosti zajetja
nevtronov v vzorcu, pri tem pa za izracˇune uporabili razlicˇne knjižnice za srebro. V energi-
jskem obmocˇju pod 1 keV je najboljše ujemanje med meritvami in simulacijami z evalvacijo
srebra iz tega dela. Nekatere razlike med evalvacijami srebra v obstojecˇih knjižnicah in
evalvacijo srebra iz tega dela so opazne tudi na tem poskusu. Najbolj izstopa "izboklina"
v simulaciji z ENDF/B-VII.1 knjižnico pri energiji 202.8 eV , kar lahko pripišemo povsem
napacˇnim resonancˇnim parametrom resonance 107Ag pri tej energiji.
Kot že recˇeno, meritve prepustnosti z vzorci MINERVE zaradi njihove geometrije ne
moremo izvesti v "primerni geometriji". Analizo izmerjenih spektrov smo izvedli v dveh
delih. V izgradnji izmerjene prepustnosti smo dolocˇili "delež praznine" α. Ta predstavlja
delež tistih nevtronov, ki zaradi geometrije žarek nevtronov-vzorec potujejo mimo vzorca, a
jih vseeno detektiramo. Valjasto obliko vzorcev v radialni smeri smo upoštevali v resonancˇni
analizi spektrov, v programu REFIT.
"Delež praznine" α smo dolocˇili iz nasicˇenega dna "cˇrne resonance" 238U pri energiji
6.7 eV . 238U se nahaja v vzorcih MINERVE, ki so zgrajeni iz matrike UO2. "Delež praznine"
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smo nato upoštevali v spremenjenem izrazu za izmerjeno prepustnost, izraženo z:
Texp,M(t) =
[Cin(t)−Bin(t)]−α [Cout(t)−Bout(t)]
(1−α) [Cout(t)−Bout(t)] . (7.9)
Z zgornjim izrazom dobimo izmerjeno prepustnost samo skozi vzorec MINERVE. V takšnem
spektru je prepustnost na dnu "cˇrnih resonanc" nuklidov iz vzorca enaka nicˇ (Texp,M = 0).




ki nam pomaga pri dolocˇitvi ozadja predvsem v energijskem obmocˇju pod energijo zadnjega
filtra (Co filter s "cˇrno resonanco" pri 132 eV). Spekter β(t) gre skozi obmocˇja "cˇrnih
resonanc", ki pripadajo tako nuklidom v vzorcu, kot tudi filtrom v žarku nevtronov. Pogoj za
to je, da sta ozadji za spekter z in brez vzorca (parametri analiticˇnih funkcij Bin(t) in Bout(t))
dobro dolocˇeni.
V spektru izmerjene prepustnosti vzorcev iz matrike UO2 so najbolj izrazite resonance
238U in 109Ag (vzorca AG9C1 in AG9C2). UNC je referencˇni vzorec, ki vsebuje samo
matriko UO2, brez 109Ag. V spektru lahko opazimo tudi nekaj manjših resonanc nuklidov
235U in 116,117,118S n, ki so prisotni v tabletkah vzorca. Od nuklidov prisotnih v srajcˇkah
vzorca imajo najbolj izrazite resonance 91Zr in 96Zr.
Vzorec AAG ima enake geometrijske znacˇilnosti in je proizveden na enak nacˇin kot vzorci
iz matrike UO2 (to so AG9C1, AG9C2 in UNC). Matrika tabletk je zgrajena iz Al2O3, vzorec
pa je obogaten z naravnim srebrom. Vzorec MAG je tekocˇi vzorec, pri katerem je naravno
srebro raztopljeno v 4 % dušikovi kislini (HNO3). Vecˇina resonanc v spektrih AAG in MAG
pripada izotopom naravnega srebra 107Ag in 109Ag. Oba spektra vsebujeta tudi resonance
91,96Zr, prisotne v Zy−4 srajcˇki. Ena izmed srajcˇk vzorca MAG je zgrajena iz aluminija, ki
vsebuje 55Mn, katerega resonanca pri energiji 341 eV je prav tako vidna v spektru. V spektru
prepustnosti vzorcev iz programa BUC (vzorci AG9C1, AG9C2, UNC in AAG) opazimo
tudi mocˇno izrazite resonance, ki pripadajo volframu. Volfram ni bil podan v porocˇilu
kemijske analize vzorcev, kar kaže na neželeno kontaminacijo vzorcev. Iz starih porocˇil smo
ugotovili, da so pri proizvodnji tabletk, natancˇneje v fazi mletja, uporabili mlincˇek, ki za
mletje uporablja majhne kroglice iz volframovega karbida. Ocˇitno je v tem procesu prišlo
do erozije volframa in s tem do kontaminacije tabletk vzorcev MINERVE. Najbolj razvidni
resonanci volframa sta resonanci izotopa 186W pri 18.8 eV in 182W pri 4.1 eV . Velikost
resonancˇnih struktur je v vsakem vzorcu drugacˇna, kar kaže na neenakomerno kontaminacijo
vzorcev.
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Geometrijo vzorcev MINERVE smo upoštevali v resonancˇni analizi izmerjenih spektrov.
Z Monte-Carlo simulacijami v MCNP programu smo pokazali, da geometrija vzorcev vpliva
na obliko in globino resonanc. Valjasto obliko smo upoštevalu v analiticˇnem izrazu za
prepustnost, ki smo ga vstavili v program REFIT. Parametra novega analiticˇnega izraza sta
polmer vzorca r in polmer žarka nevtronov R. Glavna predpostavka modela je vzporeden in











1− (x/R)2dx , (7.11)
kjer sta σtot,k in ρk totalni presek in volumska številska gostota nuklida k. V modelu ne
upoštevamo srajcˇk vzorca. Model smo validirali z Monte-Carlo simulacijami prepustnosti
skozi preprost valjasti vzorec zgrajen iz 109Ag in 238U. Simulacije in izracˇuni v programu
REFIT se dobro ujemajo. Kakovost ujemanja je poleg vizualnega ujemanja spektrov razvidna
tudi iz grafa razlike simulacije in izracˇuna v REFIT-u v energijskih obmocˇjih resonanc.
Poleg tega pa se dobro ujemajo tudi originalne in fitane vrednosti nevtronskih širin resonanc
nuklidov 109Ag in 238U.
V praksi je težko ustvariti idealne pogoje za meritve prepustnosti, kar pomeni, da žarek
nevtronov v resnici ni vzporeden in ima nehomogeno intenziteto v radialni smeri. Parametra
našega modela, r in R, zato ne bosta ustrezala geometrijskim vrednostim. Set modelskih
parametrov (efektivni polmer vzorca re f f in efektivni polmer žarka nevtronov Re f f ) smo
dolocˇili iz primerjave izmerjenega spektra prepustnosti s spektrom, izracˇunanim na podlagi
novega modela v REFITU, v obmocˇju resonance 238U pri 80.7 eV . Vrednosti r in R z
najmanjšim χ2 sta bili izbrani za re f f in Re f f . Parametra r in R lahko povežemo preko deleža
praznine α:






Za vzorce AG9C1, AG9C2 in UNC so efektivne vrednosti re f f = 3.90 (7)mm in Re f f =
7.14 mm nekoliko manjše od geometriskih vrednosti (rp = 4.05 (5) mm in Rp = 7.5 mm).
Enake efektivne vrednosti smo pripisali tudi vzorcu AAG, ki ima enake dimenzije kot prvi
trije vzorci. Vzorec MAG je vecˇji od ostalih in ima tako manjši delež praznin. Efektivne
vrednosti (rp = 3.82 (3) mm in Rp = 6.79 mm) smo dolocˇili s pomocˇjo 107Ag resonance pri
55.8 eV .
158
Sestavo vzorcev MINERVE za glavne nuklide v vzorcih (238U, 109Ag and 107Ag) smo
potrdili z metodo NRTA. Pri tem smo fitali nevtronske širine vecˇih resonanc v energijskem
obmocˇju pod 1 keV , vrednosti pa nato primerjali z originalnimi. Originalne vrednosti
nevtronskih širin za 238U so iz knjižnice JEFF-3.3, 107,109Ag parametri pa iz evalvacije srebra
iz tega dela. Iz razmerja nevtronskih širin vidimo, da se sestava, dolocˇena s kemijsko analizo,
ujema s sestavo, dolocˇeno z NRTA, z odstopanji najvecˇ 2 %.
Program REFIT smo uporabili tudi pri oceni volumske številske gostote volframa, ki smo
ga odkrili iz resonanc v spektru vzorcev iz programa BUC. Gostoto volframa smo dolocˇili
iz resonance 186W pri energiji 18.8 eV , za katero smo uporabili resonancˇne parametere iz
knjižnice JEFF-3.2. Pri oceni gostote smo predpostavili, da je volfram homogeno razporejen
po celotnem vzorcu, gostoto ostalih izotopov volframa pa smo nato izracˇunali iz naravne
izotopske sestave volframa. Vsebnost volframa v razlicˇnih vzorcih je v obmocˇju vrednosti
1018 at/cm3 in 1019 at/cm3.
V zadnjem delu analize smo teoreticˇne spektre prepustnosti iz REFIT-a primerjali z
izmerjenimi spektri v energijskem obmocˇju pod 1 keV . V analizi smo upoštevali samo
resonancˇne parametre vidnih resonanc nuklidov, prisotnih v tabletkah vzorcev. Vse nuklide
z majhno gostoto oziroma/in majhnimi totalnimi preseki ter nuklide iz srajcˇk vzorca smo
združili v normalizacijsko konstanto, ki je bila edini prosti parameter v REFIT-u. Na
splošno je ujemanje med meritvami in REFIT-om dobro, razen v energijskih obmocˇjih
nekaterih "cˇrnih resonanc" 238U, kjer se pojavijo odstopanja. Ta odstopanja lahko pripišemo
hetergogenem in nevzporednem žarku nevtronov.
Prisotnost 238U v vzorcih je bistvenega pomena za analizo spektrov MINERVE. Z
resonancami 238U smo dolocˇili tako "delež praznin" α, kot tudi ozadje v nizkoenergijskem
obmocˇju spektra. 238U ima dobro dolocˇene energije resonanc, kar smo uporabili za energijsko
kalibracijo spektra, dobro poznane ostale resonancˇne parametre pa za dolocˇitev funkcije
odziva naprave Poleg tega smo resonanco 238U pri 80.7 eV uporabili tudi za dolocˇitev
efektivnih vrednosti polmera vzorca in žarka nevtronov.
Resonancˇne parametre srebra, ki smo jih dolocˇili v tem delu, smo preizkusili tudi na
integralnih poskusih z vzorcema AG9C1 in AG9C2 v reaktorju MINERVE. Vrednosti
reaktivnosti, ki smo jih izracˇunali s programom APOLLO2 za primer PWR spektra nevtronov,
kažejo, da naša nova evalvacija nekoliko izboljša C/E ujemanje v primerjavi z izracˇunom s
knjižnico JEFF-3.1.1 (−0.4 %). Vseeno pa moramo pri tem upoštevati tudi kontaminacijo
vzorcev MINERVE z volframom. Preliminarni rezultati kažejo velik vpliv volframa na
integralne rezultate. V primeru 109Ag v vzorcih AG9C1 in AG9C2 se ob upoštevanju
volframa izracˇunane vrednosti reaktivnosti povišajo za +2.6 % in +5.7%, kar pomeni slabše
ujemanje med meritvami in izracˇuni. Porazdelitev volframa v vzorcu potrebuje dodatne
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raziskave. V tem delu smo predpostavili homogeno porazdelitev po celotnem vzorcu, ne
smemo pa izkljucˇiti možnosti, da je volfram porazdeljen zelo lokalno. To bi spremenilo
oceno gostote ter tudi rezultate integralnih preracˇunov.
V tem delu smo pokazali, da so meritve prepustnosti s TOF metodo tehnicˇno izvedljive
ter nujno potrebne za karakterizacijo vzorcev MINERVE. To delo odpira možnosti za meritve
in karakterizacijo ogromnega števila ostalih vzorcev MINERVE iz programa BUC, ki imajo
enake geometrijske lastnosti kot vzorci v tem delu. Meritve bi lahko rutinsko izvedli s
popolnoma enako postavitvijo poskusa in pod enakimi merilnimi pogoji.
Vzorce z bolj eksoticˇnimi nuklidi je težko izdelati v obliki diskov, oziroma so predragi za
izdelavo. Nekateri takšni nuklidi so že na voljo v vzorcih MINERVE, kar poleg karakteri-
zacije sestave odpira tudi možnosti za validacijo resonancˇnih parametrov takšnih nuklidov.
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